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Abstract 
Increasing global concern over the rise of human emissions of CO2 into Earth’s atmosphere 
has prompted extensive research into ways of utilizing this gas for better economical use. The 
reaction of CO2 with methane to produce more valuable compounds is one of the important 
subjects in catalysis, energy and environmental research, since it provides a pathway to 
reduce these greenhouse gases. 
This thesis focuses on the development of novel metal-oxide catalysts for the production of 
synthesis gas (syngas ─ CO and H2) via CO2 reforming of methane, using both the 
conventional fixed-bed and microwave reactor systems. Mono- and bimetallic catalysts with 
good microwave absorption properties will be synthesized, and their performances 
investigated under both catalytic systems. This thesis aims to study the impact of a clean, 
strong, metal-support interaction on syngas production via CO2 reforming of methane, and to 
determine the best possible approach to generate carbonaceous materials in a way that is not 
detrimental to the performance of the catalysts during the reforming reaction. 
Synthesis of mono-metallic catalysts via hydrothermal method was conducted then treated 
using conventional thermal calcination and microwave plasma treatment. Microwave 
plasma’s power and exposure time effects on metal-support interface generation and catalytic 
performance in the reforming reaction were investigated. Increase in the plasma power from 
150 to 250 W generated nanosized nickel particles of 1.5−4 nm on ceria support, whose 
particle sizes range between 30−85 nm. Conventional thermal calcination generated nickel 
particle size of 3−30 nm dispersed within the CeO2 support. The catalytic performances of 
both the plasma treated and the thermally calcined materials were then tested in CO2 with 
methane using the conventional fixed-bed reactor. The plasma treated samples showed 
superior and more stable turnover frequencies (TOFs) with time than the thermally calcined 
samples, which can be ascribed to the strong metal-support interaction and formation of well-
dispersed Ni particles generated as a result of concurrent treatment of both the uncalcined 
ceria support and the loaded metal precursor. 
Synthesis of bi-metallic catalysts used for syngas production via CO2 reforming of methane 
using both conventional fixed-bed and microwave reactor systems was then examined. Three 
different bi-metallic catalysts were synthesized via hydrothermal approach and treated using 
the conventional thermal calcination. The promoters were chosen based on their potential to 
either enhance microwave absorption properties or suppress active metal (nickel particle) 
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enlargement during the synthesis and reaction stages. The performances of these bi-metallic 
catalysts were investigated in reforming reaction using the fixed-bed reactor to optimize the 
production of syngas.  
Our main aims in using the microwave reactor system for the reforming reaction are (i) 
tuning the formation of the carbonaceous materials via selective heating mechanism, since 
microwave radiation absorption solely depends on the catalyst properties, (ii) producing 
carbonaceous materials that will not hinder syngas production but might assist catalytic 
reaction, and (iii) utilizing the produced carbon composites in electrochemical applications, 
such as fuel cells. 
Carbon is well known for its poisoning effect on catalysts during syngas production using the 
conventional fixed-bed reactor, but its impact on catalytic performance might differ under 
microwave irradiation, since some carbonaceous materials have excellent microwave 
absorption properties. Different nanocarbons were grown in-situ on the bi-metallic catalysts 
by a selective heating mechanism, tuning their structures by the catalytic metal ions which 
controlled microwave absorption. Superior catalytic performance was obtained on the 
graphene-containing composite which is attributed to the locally-heated nickel particles. 
Morphology and composition also determine electrochemical performance, with the highest 
specific capacitance of ~60 F/g obtained on the multi-walled carbon nanotube/graphitic 
nanofiber composite.  
This work opens up excellent way to utilize carbonaceous materials, generally regarded as 
“waste”, as electrode materials for energy storage devices. It may also have other 
applications, such as for biosensors, adsorption and batteries. 
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Chapter 1 Introduction 
1.1 Background 
Fossil fuels (oil, natural gas and coal) are our major source of energy and have great impact 
on human welfare [1, 2]. With the depletion of these fossil fuels due to continuously 
increasing energy demand, there is a need to investigate ways to utilize the available 
resources like natural gas reserves to produce fuels and chemicals that are fossil fuel 
derivatives [3, 4]. Natural gas is actually one of the cheapest sources of energy available on 
the planet with an actual market price in the range of 4.4USD/GJ. Figure 1.1 shows the 
geographical distribution of proven reserves of natural gas, of which significant proportions 
are found in Middle Eastern countries and Russia [5]. These large reserves will help the 
global economy by providing affordable clean fuel and a dependable feedstock for chemical 
production. 
 
Figure 1.1 Proven world natural gas reserves by geographical region in 2010, FSU 
denotes the former Soviet Union [5] 
Apart from the natural gas reserves, biogas produced from anaerobic decomposition of 
organic material is also a source of gas with nearly equal concentrations of CH4 and CO2 [6]. 
For example, landfill gas usually composed of 45−55% CH4, 30−40% CO2, 0−5% O2 and N2 
balance, which constitutes approximately 37−57 million tons of CH4 which amounted to 
13−20% of total US CH4 production in 2006 [7]. Among the most widely studied 
technologies for conversion of CH4 to syngas (mixture H2 and CO) are various reforming 
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methods like steam (H2O) reforming (SR), dry (CO2) reforming of methane (DRM), partial 
oxidation (PO), and autothermal reforming (AR) [8, 9]. These reforming processes differ in 
the oxidant used, final H2/CO product ratio, and the kinetics and energetics of the reaction 
[10]. 
Several disadvantages are associated with these reforming processes. For instance, SR 
generally produces CO2 along with CO and H2 while the H2/CO ratio obtained from SR is too 
high to be used for methanol or other oxo-alcohol synthesis [11]. In the case of PO, because 
the reaction is highly exothermic, there is safety issues associated with operating at high 
space velocities [12]. For DRM, high purity syngas containing little CO2 with H2/CO ratio ≤ l 
is produced, but it is highly endothermic, which makes it useful in solar-chemical energy 
transmission systems [13−15], where the heat from the renewable resources like the sun can 
be used to drive the endothermic reaction forward. 
CO2 reforming of methane or DRM utilizes two abundantly available greenhouse gases to 
produce industrially important syngas and can reduce net emissions of these gases provided 
the energy required for carrying out this reaction comes from a non-hydrocarbon sources like 
solar or nuclear [16]. Although Fischer-Tropsch (FT) synthesis requires H2:CO ~2:1 ratio; 
synthesis gas with lower H2/CO ratio (~1) such as that from DRM increases the selectivity of 
long chain hydrocarbons [17, 18]. Figure 1.2 presents the thermodynamic equilibrium plots 
for CO2 reforming of methane as a function of temperature at 1 atm. Figure 1.2a shows the 
equilibrium amount when only H2, CO, and H2O are allowed to form, while the H2/CO ratio 
at all temperatures above 300°C is between 0.8−1. Formation of H2O by reverse water gas 
shift (RWGS) is only significant between 400−800°C. However, when a separate solid phase 
of carbon is allowed to accommodate for methane decomposition and Boudouard reaction, an 
entirely different equilibrium composition is obtained, as shown in Figure 1.2b. The H2/CO 
ratio is far greater throughout the temperature range when carbon is allowed, and the ratio is 
unity at temperatures below 900°C; because increased carbon formation lowers the amount of 
CO formed and therefore increases the H2/CO ratio. Above 900°C, little carbon is present, 
resulting in a H2/CO ratio of almost 1:1, which indicates that carbon formation is 
thermodynamically unavoidable under 900°C. 
CO2 reforming of methane has been investigated over a series of supported Pt, Pd, Rh, and 
Ru catalysts [19, 20] and other supported transition metals like Co and Fe [21, 22]. The most 
widely used metal for this reaction is nickel (Ni), but many Ni-based catalysts undergo severe 
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deactivation due to carbon deposition and subsequent loss of activity over time [23]. A 
number of supports for these active metals have also been studied, including SiO2, La2O3, 
ZrO2, TiO2, CeO2, Al2O3 and MgO. 
  
Figure 1.2 Thermodynamic equilibrium plots of CO2 reforming of methane at 1 atm, 
from 0−1000°C and at inlet feed ratio of CO2/CH4 = 1. (a) Assuming no carbon 
formation occurs, (b) assuming carbon formation occurs [8] 
 
Carbon deposition is the major disadvantage of CO2 reforming of methane [12, 14], 
indicating that development of a material that minimizes carbon formation is a key research 
priority. Ways of suppressing carbon formation during the reforming reaction include (1) 
better dispersion of active metal on the surface of support [24], (2) use of high surface areas 
supports/carriers [23], (3) increasing the basicity of the catalysts [14], and (4) incorporation 
of the active metal in the support structure with high oxygen mobility [25]. Although these 
approaches represents a great advancements in the fabrication of suitable catalysts with high 
carbon resistance, and excellent activity and stability for CO2 reforming of methane; a simple 
approach for the generation of strong metal-support interaction, which would significantly 
increase the efficiency of the metal-loaded support, reduce particle size enlargement, 
suppress migration of active metal on support and lower deactivation rate, remains a 
formidable challenge. 
 
 
 
 
 
(a) (b) 
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1.2 Scope and research contributions 
Prompted by the above descriptions, this project has the following objectives: 
 To synthesize novel hybrid materials (metal-oxides) with clean, strong metal-support 
interaction and to investigate the influence of metal-support interface on the 
production of syngas via CO2 reforming of methane using conventional fixed-bed 
reactor. 
 To fabricate nanostructured perovskite-type oxides with excellent thermal stability, 
that can accommodate active metals on its edges/surfaces and to investigate its 
catalytic performance in CO2 reforming of methane. 
 To synthesize microwave absorbing metal-oxide catalysts with optimized microwave 
absorption properties for use in CO2 reforming of methane using microwave reactor 
system. 
 To tune the morphology of the carbonaceous materials produced during syngas 
production under microwave irradiation through different metal substrates, and to 
study the potential use of the carbon/metal composites in applications such as energy 
storage devices. 
 To synthesize carbonaceous materials that are less detrimental to the efficiency of the 
catalysts in CO2 reforming of methane using microwave irradiation and to investigate 
how these carbon materials can enhance the reforming reaction. 
 
Driven by the project objectives, the key contributions of this work are briefly summarized as 
follows: 
In developing hybrid materials with clean, strong metal-support interaction for CO2 
reforming of methane, this thesis has developed straightforward facile approach to synthesize 
well-dispersed metal nanoparticles on ceria support and to optimize the interaction between 
the metal and support by concurrent treatment of both the uncalcined ceria support and the 
loaded metal precursor under nonthermal plasma. 
Another contribution relates to the useful application of the carbonaceous materials, generally 
regarded “waste” in the reforming reaction, as valuable electrode materials for energy storage 
devices. 
Finally, we were able to establish that crystalline nanocarbons can promote syngas 
production if carefully engineered with metallic counterparts, which is contrary to the general 
notion that they are harmful materials to any catalytic reaction.  
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1.3 Structure of thesis 
Chapter 1 introduces the background of the thesis and outlines the scope and key 
contributions to the field of research. 
 
Chapter 2 presents an overview of CO2 reforming of methane, the materials used for the 
reforming reaction, its advantages over other existing processes, and includes recent progress 
and advancements. 
 
Chapter 3 describes the entire experimental set-up used within this thesis. The synthesis 
methods for the hybrid materials, microwave absorbing metal-oxide catalysts and the in-situ 
grown carbonaceous materials are provided. All sample characterization techniques are 
explained, including chemical-physical studies on fresh and used materials. 
 
Chapter 4 presents the synthesis and characterization of non-aggregated ceria particles with 
well-dispersed nickel nanoparticles, using only microwave plasma treatment, and excluding 
the conventional approach of thermally calcining the support prior to metal loading. The 
unique synthesis approach generated a clean metal-support interface with a low diffused 
interfacial region, which remarkably enhanced the performance of the materials.  In addition, 
the highly graphitic carbonaceous materials generated on the material with the clean metal-
support interface were less detrimental to the performance of the catalyst in the reforming 
reaction than the highly disordered carbons produced on the other conventional materials. 
This chapter was published in Catalysis Communication 2013, 31, 25−31. 
 
Chapter 5 presents a simple, elegant approach to fabricate well-dispersed metal nanoparticles 
with clean, strong metal-support interaction for use in high-temperature catalytic reactions, 
such as CO2 reforming of methane. The effects of microwave plasma power and exposure 
time on the generation of the metal-support interface were investigated. Both the interface 
and nickel particle sizes were tuned with increasing strengths of both factors. The supported 
nickel nanoparticles with clean, strong metal-support interface exhibited enhanced turnover 
frequencies (TOFs), normalized by Ni on the surface, as compared with other materials with 
weak metal-support interface. Furthermore, increasing the Ni loading on the support 
improved the TOF, which was stable with time. This chapter was published in The Journal of 
Physical Chemistry C 2013, 117 (41), 21288−2130.   
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Chapter 6 presents a template-free urea-based co-precipitation method for the synthesis of 
perovskite-type oxide LaCr0.9Ni0.1O3–δ-NiO (LCN) nanowires for use in CO2 reforming of 
methane. Apart from its novel structure, LCN nanowires exhibit excellent catalytic activity 
and stability in the reforming reaction due to exposure of more active sites. The unique 
morphological structure of LCN enhanced the dispersion of Pd nanoparticles on its surfaces 
and edges, resulting in enhanced turnover frequencies (TOFs). The Pd decorated LCN 
exhibited remarkable long-term stability with no significant loss after 12 h. This chapter was 
published in RSC Advances 2014, 4 (41), 21306−21312. 
 
Chapter 7 presents a simple strategy for the fabrication of porous, crumpled, loose and 
valuable carbon nanomaterials on metal-oxide catalysts using microwave irradiation during 
CO2 reforming of methane. This research shows that the carbonaceous materials produced 
during syngas production via CO2 reforming of methane using the current experimental 
conditions, are useful and valuable materials for energy storage devices, which is contrary to 
the general notion that they are waste materials. In addition, we investigated the substrate 
compositions, measured their performance as electrodes for energy storage devices, and 
proposed their synthesis mechanisms. A number of hybrids including MWCNT-graphene, 
MWCNT-cup stacked CNT and MWCNT-graphitic nanofiber, were synthesized on Cr-Ni, 
Fe-Ni and Ni-CeO2 substrates, respectively. This chapter was published in Journal of 
Material Chemistry A 2014, 2, 1418−1428. 
 
Chapter 8 presents synthesis, characterization and application of metal catalysts under 
microwave irradiation in CO2 reforming of methane using a microwave reactor. The effect of 
promoters (Cr, Fe and Ta) on the microwave absorption properties, the structure of metal-
oxide and the catalytic performance of Ni/CeO2 in CO2 reforming of methane were 
investigated. The results showed that the introduction of Cr and Ta to Ni/CeO2 enhanced the 
interaction between Ni and the support/promoter and inhibit the enlargement of NiO 
nanoparticles during the synthesis. The highest catalytic performance was achieved on 2Ta-
Ni and 2Cr-Ni catalysts, which was attributed to the strong microwave absorption of the in-
situ grown graphene attached on them under microwave irradiation. This chapter was 
published in Journal of Solid State Chemistry 2016, 233, 166−177. 
 
Chapter 9 presents the overall conclusions and recommendations for future studies. 
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Chapter 2 Literature Review 
2.1 Introduction 
The aim of this chapter is to provide a context for the project, and to highlight the research 
progress of CO2 reforming of methane or dry reforming of methane (DRM) in relation to 
other existing reforming reactions. The background of DRM which includes the recent 
catalytic technology, the benefits of the reaction process, and the role of metal/support and 
promoters are summarized. The various synthesis routes for metal catalysts will be provided, 
with emphasis on ways to generate well-dispersed active metals on support, and approaches 
to produce clean and strong interaction between the metal and the support. Thereafter, the 
advantages of syngas production under microwave irradiation over conventional fixed-bed 
reactor systems are then introduced. General conclusions are drawn and some guided 
perspectives for future research works are provided at the end of this chapter.  
2.2 Overview of CO2 reforming of methane 
Catalytic CO2 reforming of methane is an attractive process from an environmental 
perspective as it involves the destruction of two greenhouse gases. It combines CH4, the 
principal component of natural gas used as source of energy, and CO2, a major problematic 
greenhouse gas, whereby a contribution can be made to limit global warming. The reaction is 
particularly interesting because both CH4 and CO2 are relatively inexpensive feedstocks due 
to their natural abundance. The CO2 reforming of methane is an endothermic reaction, like 
steam reforming, but it yields a syngas with a lower ratio for a complete conversion.  
2.2.1 Catalytic technology for CO2 reforming of methane 
During the past decade, there has been increasing global concern over the rise in CO2 
emissions from different sources into the atmosphere. The production of CO2 by oxidation of 
fossil fuels is an example of a so-called spontaneous process, as CO2 is a very stable 
molecule [1]. In the future, atmospheric CO2 levels are expected to increase even further, due 
to ongoing burning of fossil fuels and changes in land usage. The magnitude of this increase 
depends on economic, sociological, technological and natural developments, but may be 
ultimately limited by the availability of fossil fuels.  
Recently, the concentration of CO2 has increased by about 1.5 ppm per year (Table 2.1), 
which means if there exist about 5.3 x 10
21
 grams air in the atmosphere, the CO2 rate will 
increase by about 8 billion tons per year [2, 3]. 
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Table 2.1 Variations of carbon dioxide for about 1,000 years [2] 
Year Period 
(year) 
Concentration 
(ppm) 
Increase 
(ppm) 
Increase rate 
(ppm/year) 
1000−1800 800 270−280 10 0.01 
1800−1950 150 280−310 30 0.2 
1958−1975 17 315−330 15 0.9 
1975−2002 27 330−370 40 1.5 
 
The Intergovernmental Panel on Climate Change (IPCC) special report on emissions 
scenarios presented a wide range of predictions for future CO2 levels, ranging from 541 to 
970 ppm by the year 2100 [4]. Although CO2 emission levels could not be predicted 
precisely, there are several different indicators which raise the possibility that greenhouse gas 
emissions will be the main cause of global warming. The major greenhouse gases are water 
vapor, which contributes 36−70% of the greenhouse effect (not including clouds), CO2, 
which contributes 9−26%, CH4, which contributes 4−9%, and ozone, which contributes 
3−7% [4]. 
Recently, there have been many attempts to reduce the concentration of CO2 and CH4 in the 
atmosphere through their utilization. The main sources of CH4 are from natural gas, which is 
made up of 98% CH4 and biogas from biomass decomposition. Currently, main uses of CH4 
are in combustion processes, power generation, and the production of chemicals form syngas, 
using reforming processes. In 2011, large volume of natural gas (140 billion cubic meters) 
has been flared globally and the flaring data for the top 20 nations is shown in Figure 2.1 in 
which Russia has the highest share in the global flaring data [5]. Two disadvantages occurred 
from flaring which include (i) the wastage of an important hydrocarbon source worth billions 
and (ii) global warming by the production of greenhouse gases [6]. 
Many reforming technologies have been introduced in response to the increasing demand for 
syngas, including dry reforming of methane, the more traditional steam reforming of methane 
and the partial oxidation of methane. Syngas has found a wide range of uses in synthetic 
chemical industries as shown in Figure 2.2. Dry reforming of methane appears to be attractive 
for conversion CO2 with cheap and widely available natural gas to syngas. Syngas is used as 
feedstock for production of methanol and for the Fischer-Tropsch reaction.  
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Figure 2.1 Global natural gas flaring data [5] 
 
The dry reforming of methane (Eq. (2.1)) is endothermic and requires high temperatures (> 
700°C) for achieving industrially relevant conversions. Methane cracking (Eq. (2.2)), the 
Boudouard reaction (Eq. (2.3)) and the reverse water-gas shift (RWGS) reaction (Eq. (2.4)) 
are main side reactions influencing the overall process efficiency and the catalyst long-term 
performance. 
CH4 + CO2  → 2CO + 2H2  ∆H298K = 247 kJmol
-1 
  (2.1) 
CH4  → C + H2    ∆H298K = 75.6 kJmol
-1   
(2.2) 
2CO → C + CO2    ∆H298K = -173 kJmol
-1  
(2.3) 
CO2 + H2 → CO + H2O  ∆H298K = 41 kJmol
-1   
(2.4) 
 
For the last fifteen years, dry reforming of methane has been intensively investigated with the 
aim to understand the reaction mechanism and to optimize the process parameters [7−9]. 
Supported noble metals, i.e. Rh, Ru, Ir, Pd and Pt [10−12] and Ni-based catalysts [13−16] 
showed good performance in terms of methane conversion and selectivity towards synthesis 
gas. However, these catalysts suffer from deactivation caused by coke deposition. 
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Figure 2.2 Schematic diagram showing the main applications of syngas  
 
The noble metal catalysts are more resistant to coking, while the nickel based ones are less 
stable but more commercially attractive because of lower coast and wide availability of 
nickel. For the nickel catalysts, the rate of carbon deposition was reported to decrease with 
rising reaction temperatures [17]. Recently, substantial progress in improving stability of Ni 
catalysts was made by employing supports like ZrO2 [18] or La2O3 [19] and mixed oxides 
such as CaO-ZrO2 [20], CeO2-ZrO2 and La2O3-ZrO2 [21−23], and MgAl2O4 or by embedding 
Ni in a mixed-metal oxide framework [24−26]. Due to the fact that high temperatures favor 
CH4 and CO2 conversion and retard coke formation, the dry reforming of methane was rarely 
investigated below 500°C.  
2.2.2 Benefits of CO2 reforming of methane over other reforming reactions 
Synthesis gas can be obtained through various chemical and thermochemical processes from 
almost any carbon source, such as oil, carbon, biomass or biodegradable waste. However, 
natural gas is nowadays the dominant feedstock and steam reforming is the principal 
industrial process for the production of syngas [27−30]. Steam reforming involves the 
endothermic conversion of methane and steam into hydrogen and carbon monoxide (reaction 
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2.5). It typically occurs at temperatures between 700 and 850°C, pressures between 3 and 25 
bar over Ni-based catalysts [31]. 
CH4 + H2O  → 3H2 + CO ∆H298K = 206 kJmol
-1 
   (2.5) 
 
Steam reforming results stoichiometrically in a H2/CO ratio of 3:1, which is higher than the 
ratio needed for the synthesis of by-products, such as methanol or derivatives from the 
Fischer-Tropsch reaction [32−34]. Industrially, the H2/CO ratio is adjusted by means of the 
water gas shift reaction (WGS, reaction 2.6), which is usually performed in two steps: a high 
temperature shift (350−400°C) over iron oxide-based catalysts and a low temperature shift 
(200−250°C) over copper-based catalysts [35, 36]. 
 
CO + H2O  → H2 + CO2 ∆H298K = -41 kJmol
-1 
   (2.6) 
Despite being a well-established process, steam reforming presents several drawbacks. The 
coupling of water-gas-shift (WGS) for H2/CO ratio adjustment is costly and it makes the 
global process more expensive [37−40]. In addition, an elevated heat supply is necessary in 
order to achieve a high methane conversion. The heat supply normally comes from 
combustion of part of the incoming natural gas feedstock (≤ 25 %) or from burning waste 
gases, such as purge gas [41, 42]. Therefore, a large quantity of CO2, ranging from 0.35 to 
0.42 m
3
 of CO2 per m
3
 of H2 produced, is emitted due to both the reaction and the heat 
requirement [43]. Moreover, an excess of steam must be introduced, approximately at a 
H2O/CH4 ratio of 3 to 4, in order to avoid the deactivation of the metal catalysts due to 
carbonaceous deposits, and consequently, operation coast and energy consumption increase 
[36, 44]. In addition, as the metal-based catalysts used in the steam methane reforming or the 
following syngas conversion processes may be poisoned by sulphur containing compounds 
(usually H2S), expensive desulphurization units are needed to remove these compounds [35]. 
It is for these reasons that alternative processes to steam reforming are being investigated. 
The catalytic decomposition of methane is the preferred alternative for hydrogen production 
[45−50], while partial oxidation and CO2 reforming are the two main options for replacing 
steam reforming to convert methane into syngas [51−53]. 
The CO2 reforming of methane or dry reforming is an endothermic reaction, like steam 
reforming, but it yields a syngas with a lower ratio of H2/CO, i.e. 1:1 for a complete 
conversion. This ratio is preferable for the synthesis of higher hydrocarbons via Fischer-
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Tropsch and adequate for the production of oxygenates derivatives, which eliminates the 
need to adjust H2/CO ratio by means of the WGS reaction [54−58]. Because of the high 
endothermicity of CO2 reforming of methane, which excess that of steam methane reforming, 
this reaction has also been tested for viability in energy transmission systems (from solar 
energy to chemical energy), in energy storage in the form of syngas and in transportation of 
nuclear energy [59]. Dry reforming reaction can be carried out with natural gas obtained gas 
obtained from remote filed that contains large amounts of CO2, without the need to separate 
carbon dioxide from the feed, and from petroleum fields where natural gas is flared [60]. In 
general, the dry reforming of methane may be the most effective process wherever carbon 
dioxide is a by-product and available for utilization, for instance, in power plants, which emit 
a large amount of CO2 at relatively high temperature, and in petrochemical industries, where 
effluents of light gases can be processed with waste streams of CO2 [40]. 
In the metallurgical industry, the excess coke oven gases (GOG), consisting mainly of H2, 
CH4 and CO and N2, may be turned into synthesis gas by means of dry reforming. The syngas 
can then be used to produce a variety of compounds but mainly methanol [61−64]. Dry 
reforming is also an interesting alternative for the valorization of landfill gas or biogas from 
the digestion of industrial and municipal waste.  Biogas is renewable, local and low-cost raw 
material and it consists of approximately 55−75% of CH4 and 25−45% of CO2, as well as 
small amounts of N2, O2, H2S or CO. Dry reforming of biogas to syngas for subsequent 
production of hydrogen would seem to be a more efficient option than the combustion of the 
biogas in a turbine to produce electricity for the electrolysis of water, or separation of 
methane from the biogas to turn it into hydrogen via steam reforming [65, 66]. In addition, 
methane reforming with CO2, rather than steam, is an attractive alternative in areas where 
water is restricted [67]. 
Despite the advantages afforded by dry reforming of methane, few industrial processes utilize 
this reaction. One of such processes, the SPARG process, was implemented by Sterling 
Chemicals Inc. in 1987 [68]. This process produces syngas with low H2/CO ratio by using a 
partially sulphur-passivated nickel catalyst. The sulphur blocks the sites for carbon nucleation 
while sufficient sites for the CO2 reforming reaction are maintained. Another process, the 
Calcor process, was implemented by Caloric for the production of CO [69]. This is catalytic 
reforming process designed to operate under low pressure and at high temperature to treat a 
desulphurization and CO2-rich feedstock. 
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2.2.3 Role of active metal and support in CO2 reforming of methane 
Generally, CH4 is only adsorbed on the metal in a dissociated form to produce hydrogen and 
a hydrocarbon species CHx. Values of x are dependent on the metal substrate and the reaction 
temperature. If x ≈ 0, it indicates that carbon deposition occurs on the metal surface. Both 
CHx and H atoms are attached to the metal active sites. The large majority of the adsorbed 
hydrogen species are then recombined, producing hydrogen molecules that subsequently 
desorbs into gaseous phase [70, 71]. 
Catalysts usually consist of two or more components, in which the various constituents are 
assembled in the desired structure and shape. Support materials considered for this 
application have included silica, alumina, zirconia and other mesoporous materials. The 
active metal is generally introduced onto the support materials to afford a supported metal 
catalyst. Support materials can be viewed as vehicles for the active sites. They excise several 
functions, among which is the maximization of the surface area of the active sites by 
providing a large area, over which they may spread, allowing the catalysts to be cast into the 
form of coarse bodies suitable for use in the reactor. The support itself is often catalytically 
inactive. However, in partnership with the metal active sites, it can participate in the total 
reaction in a significant way (bi-functional catalysis). 
Active metals, such as noble metals are general known to exhibit lower affinity for carbon 
deposition in CO2 reforming of methane than nickel-based catalysts [11,72−80]. It is 
important to note that the carbon deposition rate is not only a function of the nature of the 
active metal but also depends on metal dispersion, the nature of support, and the process 
conditions. The carbon deposition rate was found to increase in the following order at 500°C 
on the active metals: Pd < Pt < Ru < Ir < Rh < Ni; at the higher temperature (700°C), it 
increased in the following order: Ru < Pt < Ir < Rh < Pd < Ni [81]. Low metal dispersion is 
expected to favor carbon deposition because coke/graphite formation requires large metal 
ensembles [82−85]. There is a strong dependence of coking on metal crystallite size, which 
has an inverse relationship with dispersion [85]. 
 There are two main categories of oxide catalyst support, acidic and basic supports, which 
account for their distinct behaviour in catalytic reactions and also have implications for their 
resistance to carbon deposition. With a ruthenium catalyst on silica (an acidic support), for 
example, the dry reforming of methane takes place through a Langmuir-Hinshelwood 
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mechanism. In this case, the dissociative adsorption of CO2 becomes limited by adsorption as 
the reaction proceeds, owing to the accumulation of highly dehydrogenated carbon deposits, 
which eventually undergo ageing and graphitization on the metal surface. Ultimately, the 
high concentration of these carbonaceous residues over the metal blocks the sites for CO2 
activation, leading to a continuous loss of activity by coke deposition. A different pathway 
was proposed for the CH4/CO2 reaction over the basic supports. CO2 is activated on the 
support in the vicinity of the metal particle to form a carbonate species. The carbonate is then 
reduced by CHx species to form carbon monoxide (CO). This mechanism, in which the 
support participates in the activation of CO2, was proposed by Nakamura et al. [86] for 
rhodium supported on oxides such as TiO2, Al2O3 or MgO. However, Bitter et al. [87] 
showed that ZrO2, which is neither acidic nor basic, also exhibited such behaviors. That is, 
the CO2 activation step took place on the support rather than on the metal active site. 
A large number of supports have been investigated to confirm their role in carbon deposition. 
Considerable experimental evidence suggests that carbon formation during reforming 
reaction is influenced by the nature of the catalyst support [88−90], while the carbon forming 
tendency of catalysts can be significantly reduced by modifying the supports with promoters 
such as La2O3, CaO, CeO2, CeO2-ZrO2, Co [90−93]. Nickel-based catalyst is the most widely 
used material for CO2 reforming of methane; however, many Ni-based catalysts undergo 
severe deactivation due to carbon deposition and subsequent loss of activity. Nickel (as 
unsupported metal) also acts as catalyst, especially when the catalyst is promoted by the 
insertion of different rare earths. Table 2.2 presents the catalytic performance of different Ni-
based catalysts in CO2 reforming of methane. 
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Table 2.2 CO2 reforming of methane reported in literature using Ni-based catalysts at 
different temperatures (T), gas hourly space velocity (GSHV), with different pressure 
(P) and time-on-stream (TOS) [94] 
Catalyst support Conditions CH4/CO2 conversion 
H2/CO ratio 
TOS (h) 
References 
Ni spinel oxides 
T = 630°C 
GHSV = 23.3 h
-1
 
P = not given 
76.7%/not given 
0.80 
120 ms 
[95] 
Ni/Al2O3 
MgO, CaO, BaO 
(promoters) 
T = 550−700°C 
GHSV = 6−18 L/g*h 
P = not given 
78%/90% 
0.90−0.95 
22 
[96] 
Ni/Al2O3 
Aerogel/xerogel 
T = 800°C 
GHSV = 327 L/g*h 
P = 1 atm 
90−95%/90−95% 
0.95 
30 
[97] 
Ni 
Mg, Al, Ce 
(promoters) 
T = 750°C 
GHSV = 300 L/g*h 
P = 1 atm 
95%/95% 
1 
8 
[98] 
Ni (plating) 
Ferrite type 
stainless 
T = 700°C 
GHSV = not given 
P = 0.8 atm 
78%/not given 
1.04 
30 
[99] 
Ni 
ZSM-5 
T = 850°C 
GHSV = 24 L/g*h 
P = 0.8 atm 
80%/80% 
1 
24 
[100] 
Ni 
Mesoporous 
Alumina 
Mg, W 
(promoters) 
T = 600°C 
GHSV = not given 
P = not given 
80%/90% 
0.78 
40 
[101] 
Ni 
Al2O3 
La (promoter) 
T = 700°C 
GHSV = not given 
P = not given 
75%/75% 
0.95−0.99 
30 
[102] 
Ni 
CeO2 
T = 700°C 
GHSV = 38.4 L/g*h 
P = 1 atm 
40%/70% 
0.55 
4.2 
[80] 
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2.2.4 Role of promoter in CO2 reforming of methane 
Promoters can be categorized as two types; textural or chemical. Textural promoters 
generally facilitate the preparation of well-dispersed catalytic phase, which are maintained 
during the reaction. However, most promoters in industrial reforming are chemical 
promoters, which can be alkali and alkaline earth metals or metal oxides which enhances the 
activity of reactions. Alkaline promoters, such as CaO, also offer good performance in terms 
of preventing sintering. Dias and Assaf [103] detected that deactivation was also caused by 
sintering when calcination took place during catalysts preparation and that the incorporation 
of calcium as a promoter in alumina-supported nickel catalysts resulted in changes to their 
structure and catalytic performance tin dry reforming of methane. At a structural level, Ca 
interacts with the support and lowers its resistance to sintering. In this promoter-active sites 
interaction, Ca competed with Ni and favored the formation of reducible Ni species (active 
phase). Ca acted in two ways during the dry reforming of methane. When present in lower 
concentrations, it increased CO2 conversion by forming strong ionic oxides, which attracted 
CO2 to the catalysts surface and therefore also increased methane conversion. When Ca was 
present in higher concentrations, both CH4 and CO2 conversion decreased, probably as a 
results of the increase in Ni electron density [103]. 
Potassium oxide has also been studied as a potential catalyst promoter. Frusteri et al. [104] 
reported that additional K depressed the reactivity of the catalyst strongly by improving its 
resistance both to the formation of large amounts of whisker carbon and sintering processes. 
Also, addition of K to an alumina support was observed to enhance the reducibility of nickel 
species [105]. The authors concluded that K catalyzed the gasification of coke formed during 
the reaction without any modification to its structure. Chen at al. [106] also studied copper 
(Cu) as a promoter on Ni/SiO2 catalyst and confirmed that Cu acted as a stabilizer to the 
structure of the active site and hindered the deactivation of the Ni catalysts. Vanadium has 
also been used as a promoter to improve the performance of different materials in dry 
reforming of methane. Significant methane conversion was obtained over a vanadium 
promoted Ni/Al2O3 catalyst and was attributed to the suppressing formation of NiAl2O4, 
which is an inactive phase of the Ni/Al2O3 catalyst [107]. CeO2 is also an effective promoter 
for the Ni-based catalysts [108−113]. The addition of CeO2, or other rare-earth metal oxides, 
generally improves the behavior of alumina-supported catalysts used for automotive emission 
control.  
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Table 2.3 CO2 reforming of methane reported in literature using nickel and a basic 
element as main catalyst at different temperatures (T), gas hourly space velocity 
(GSHV), with different pressure (P) and time-on-stream (TOS) [94] 
Catalyst support Conditions CH4/CO2 conversion 
H2/CO ratio 
TOS (h) 
References 
Ca/Ni/K (2:1:0.1) 
Ca/Ni/Na (2:1:0.1) 
T = 860°C 
GHSV = 5.04 h
-1
 
P = 1 atm 
95%/95% 
0.90 
350 h 
[114] 
Ni/K-MgO-ZrO2 
T = 750°C 
GHSV = not given 
P = 1 atm 
85%/85% 
not given 
15 h 
[115] 
Ni/Al2O3 
K. Sn, Mn, Ca 
T = 750°C 
GHSV = not given 
P = 0.1MPa 
80%/85% 
not given 
30 h 
[116] 
Ni/ZrO2 
CeO2, La2O3, K2O 
T = 500−700°C 
GHSV = 15 
P = 1 atm 
70%/70% 
0.95 
50 h 
[117] 
Ni-(Co, Ca, K, Ba, 
La, Ce) 
MgO-ZrO2 
T = 750°C 
GHSV = 144 
P = 1 atm 
53%/60% 
not given 
40 h 
[118] 
Ni 
Al2O3 
K (promoter) 
T = 700°C 
GHSV = 22.5 
P = 1 atm 
57%/67% 
not given 
24 h 
[105] 
Ni 
MgO 
K (promoter) 
T = 650°C 
GHSV = 5.5 
P = 1 atm 
32%/42% 
not given 
 12 h 
[119] 
Ni 
Al2O3 
K, CeO2, Mn 
(promoter) 
T = 800°C 
GHSV = 2.85 
P = 1 atm 
85% 
1.07 
6 h 
[120] 
 
CeO2 can store and reversibly release a large amount of oxygen in response to the gas-phase 
concentration and it’s often termed the oxygen storage capability [121]. CeO2 provides 
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beneficial effects on the catalyst performance, such as improving the dispersion of the active 
phase and shifting the phase transition of the γ-Al2O3 support to the low-surface-area phase 
α-Al2O3 at higher temperatures [91]. The effect of co-catalysts is more detailed in Table 2.3, 
where the impact of alkali and alkaline earth was investigated in CO2 reforming of methane. 
 
2.3 Microwave-assisted carbon-dioxide reforming of methane 
Microwave lie between infrared radiation and radiowaves in the region of the electromagnetic 
spectrum. More specifically, they are defined as those waves with wavelengths between 
0.001 and 1m, which correspond to frequencies between 300 and 0.3 GHz. The microwave 
band is widely used in telecommunications. In order to avoid interference with these uses, the 
wavelengths of industrial, research, medical and domestic equipment are regulated both at 
national and international levels. Thus, the main operating frequency in the majority of 
countries is 2.450 (± 0.050) GHz [122]. The materials which interact with microwaves to 
produce heat are called microwave absorbers. The ability of a material to be heated in the 
presence of a microwave filed is defined by its dielectric loss tangent (tan δ = ε”/ε’). The 
microwave heating of a dielectric material, which occurs through the conversion of 
electromagnetic energy into heat within the irradiated material, offers a number of advantages 
over conventional heating such as: (i) non-contact heating; (ii) energy transfer instead of heat 
transfer; (iii) rapid heating; (iv) selective material heating; (v) volumetric heating; (vi) quick 
start-up and stopping; (vii) heating from the interior of the material body; and (viii) higher 
level of safety and automation [123]. Due to these advantages, microwaves are used in 
various technological and scientific fields in order to heat different kinds of materials [123, 
124]. As microwave energy is transferred directly to the material that is heated (volumetric 
heating), the temperature inside the material is usually higher than the temperature of the 
surrounding atmosphere, unlike conventional heating. Fig. 2.3 shows the temperature 
gradients caused by microwave and the conventional heating. 
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Figure 2.3      Qualitative comparison of the temperature gradients produced by 
microwave and conventional heating [125] 
Most of the industrial applications of microwave heating are based on heating substance that 
contain polar molecules, for example: food processing, sterilization and pasteurization, 
different drying processes, rubber vulcanization, polymerization or curing of resins and 
polymers by elimination of polar solvents. In addition, solid materials with a high dielectric 
loss factor, i.e. microwave absorbers, can be subjected to different processes based on 
microwave heating. Among these materials, carbons are, in general, very good microwave 
absorbers, so they can easily produce or transformed by microwave heating [126]. Moreover, 
carbon materials can be used as microwave receptors to indirectly heat materials which are 
transparent to microwaves. Thus, carbon materials have been used as microwave receptors in 
soil remediation processes, the pyrolysis of biomass and organic wastes, catalytic 
heterogeneous reactions. 
Dielectric heating is caused by high frequency electromagnetic radiation, i.e. radio and 
microwaves. The electric filed component of the electromagnetic radiation interacts with the 
charged particles of a material. A current is induced when these particles are free to move. 
However, when the particles are linked to material, they try to align themselves with the 
alternating field, as a consequence of which, the material heats up (dielectric polarization) 
[127]. As microwave heating is the result of the transformation of microwave energy into 
thermal energy, due to molecular interaction with an electromagnetic field, it is in actual fact 
a question of energy conversion rather than heat transfer. Two principal dielectric 
polarizations, which are represented in Fig. 2.4, are involved in microwave radiation [128]; 
(i) dipolar polarization, which occurs in dielectrics that have induced or permanent dipoles, 
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such as water; and (ii) space charge polarization, which occurs mainly in dielectric solid 
materials with charged particles which are free to move in a delimited region (Maxwell-
Wagner polarization). 
 
Figure 2.4     Mechanisms of dielectric polarization present under microwave heating 
[125] 
 
Microwave irradiation has been used for heterogeneous catalytic reaction involving CO2 
reforming of methane over carbon catalysts [129] and metal catalysts [130, 131]. Carbon 
catalysts are usually good microwave absorbers and, consequently, heat more easily than 
metal catalysts, which normally need to be mixed with microwave receptors. However, 
catalytic activity of metal-based catalysts is higher, which makes it possible to work under 
more severe operating conditions. The operating conditions (temperature, feed gas 
composition or space velocity) are required to ensure good performance of microwave-
assisted dry reforming of methane, which also depends on the type of catalyst used. 
Microwave-assisted dry reforming is an endothermic reaction and, for that reason, CO2 and 
CH4 conversions improve as the temperature increases. Normally, the H2/CO ratio of the 
resulting syngas also increases when the temperature rises. An example of the evolution of 
the CO2 and CH4 conversions as a function of temperature for a series of experiments of dry 
reforming over a Pt-based catalyst with both microwave and conventional heating is shown in 
Fig. 2.5. It can be observed that under microwave heating, conversions higher than the 
thermodynamic equilibrium values are achieved due to the formation of random hot spots 
where temperatures are higher than the average temperature in a bulk metal-based catalyst 
[130, 131]. Microwave enhancement in CO2 reforming of methane is also observed over 
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carbon catalysts, where the CO2 and CH4 conversions is higher under microwave heating than 
the conventional heating, due to the difference in the heating mechanisms and the presence of 
hot spots throughout the carbonaceous bed [129]. 
 
 
Figure 2.5      Influence of temperature on the microwave-assisted CO2 reforming 
of methane over 8%Pt/20%CeO2/γ-Al2O3 at CH4/CO2 ratio of 1:1 [132] 
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Microwave-assisted CO2 reforming of methane over carbon catalysts is believed to be a 
combination of catalytic methane decomposition and CO2 gasification, as shown in Fig. 2.6 
[129]. The decomposition of CH4 takes place in the active centres of the catalyst and 
microwave receptor (C/MR) and consequently, these are blocked by the carbonaceous 
deposits from methane. The nature and reactivity towards CO2 of these carbon deposits is 
very heterogeneous [133]. Most of them are discrete deposits of irregular shape and different 
size that tend to physically cover the active surface. However, under microwave heating, 
groups of nanofilaments scattered all over the catalysts surface are formed along with the 
other deposits. As a result, the highly reactive carbonaceous deposits are gasified by the CO2, 
giving rise to the in situ regeneration of the active centres. However, the conversion of 
methane to H2 may be partially impeded with time due to the existence of non-recovered 
active centres that are blocked by refractory carbon deposits. 
 
 
Figure 2.6     Mechanism for the microwave-assisted CO2 reforming of methane 
over carbon catalysts [125] 
 
The feed gas composition, i.e. the CO2/CH4 ratio also influences the microwave-assisted CO2 
reforming of CH4 performance. In the case of carbon catalysts, the quantity of CO2 
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introduced also has a key influence on the conversions achieved. Thus, as is illustrated in Fig. 
2.7, when the CO2/CH4 feed ratio is raised, the CO2 and CH4 conversions increase, especially 
in the case of methane. Thus, according to the mechanism explained above, when the 
proportion of CO2 increases, the capacity of CO2 for regenerating active centres increases, 
since there is more CO2 increases, the capacity of CO2 for regenerating active centres 
increases, since there is more CO2 available for gasifying the carbonaceous deposits which 
are blocking the active centres. Consequently, the conversion of methane increases. At the 
same time, CO2 conversion increases because there is access to the highly reactive carbon 
deposits and carbon of the catalysts [129]. Interestingly, in the case of the metal-based 
catalysts, as the ratio of CO2/CH4 increases, methane conversion does increase whereas CO2 
decreases due to the occurrence of the secondary reaction between CO2 and H2 (reversed 
water-gas shift reaction).  
 
Figure 2.7     Effect of the proportion of CO2 fed in during dry reforming of methane: 
40% CH4/60% CO2 (c), 50% CH4/50% CO2 (e), 55% CH4/45% CO2 (j) and 65% 
CH4/35% CO2 (k) [125] 
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2.4 Strategies for improving the activity and stability of metal catalysts  
Apart from the influence of different active metals, promoters and supports on the 
performance of metal catalysts in CO2 reforming of methane, methods adopted for catalysts 
synthesis also play a vital role in the catalytic activity and stability of the materials. As stated 
earlier, nickel (Ni)-based catalysts have been extensively employed in CO2 reforming of 
methane because of their high activity, low cost, and its abundance in the Earth. However, 
one major challenge associated with Ni-based catalysts is the high thermodynamic potential 
for coke formation. The conventional catalyst preparation methods involve impregnation or 
sol-gel, followed by calcination and thermal reduction; however, some new synthesis 
methods have been employed for the preparation of Ni-based catalysts. These methods 
include combustion [113, 134, 135], microwave radiation [136, 137], supercritical [138, 139] 
and plasma treatment [80, 84, 140−143]. 
Confining metal or metal oxide nanoparticles in cavities or channels, such as core-shell and 
core-sheath structure (Figure 2.8), generally leads to different activities in comparison to the 
conventional supported catalysts. The support confinement offers both high surface area for 
the dispersion of active metals and exerts a spatial restriction on the metal particles 
hampering their sintering [144].  
 
Figure 2.8     Typical catalytic materials with confinement environment for metal 
clusters [145] 
 
For example, Wang et al. [146] fabricated Ni-P catalysts with a dominant core-shell structure 
accompanied by some yolk-shell structures (Figure 2.9). However, the controllable synthesis 
of core-shell structured base-metal catalysts in a scalable manner remains a formidable 
challenge. Current research works are focussed synthesis and application of materials with a 
short-range ordered structure but providing a similar confinement for Ni nanoparticles. 
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Figure 2.9     TEM images of nanoporous (a) and mesoporous Ni-P (b−f)   [146] 
 
Mineral-type precursors with exchangeable metal cations can also provide confinement 
environment for nickel nanoparticles [147], as shown in Figure 2.10. Synthetic mineral-type 
compounds such as perovskites, spinels and hydrotalcite-like compounds, are preferentially 
employed as precursors of the metal catalysts. 
 
Figure 2.10    Mineral-derived catalysts prepared by the solid phase crystallization 
method   [145] 
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Alloying is an effective method to enhance specific properties including resistance to metal 
sintering via synergistic effects. The addition of very small amounts of noble metals, such as 
Pt, Pd, and Ru, increases the resistance of sintering and oxidation of nickel particles while 
promoting its activation [148]. For example, Figure 2.11 presents the morphology of PtNi2 
octahedrons, truncated octahedrons and cubes [149]. The modification of Ni metal with 
another metal such as Fe, Cu and Sn, could enhance the activity of Ni via the formation of 
nanoalloys [150]. Furthermore, Figure 2.12 shows a morphology and alloy structures of 
Au22Pt78 nanoparticles on carbon support [151]. The carbon-supported AuPt nanoparticles 
show alloying characteristics and possess a uniform distribution of both metals across the 
entire nanoparticles.  However, the chemical and physical properties of the metal alloys are 
generally dependent on their composition, atomic ordering, and particle size [152]. 
 
Figure 2.11    (a) TEM (b) HRTEM, (c) HAADF-STEM images and  (d) size distribution 
of PtNi2 octahedrons; (e) TEM (f) HRTEM, (g) HAADF-STEM images and (h) size 
distribution of PtNi2 truncated octahedrons; (i) TEM (j) HRTEM, (k) HAADF-STEM 
images and (l) size distribution of PtNi2 cubes   [149] 
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Figure 2.12     (A) HRTEM (a) and EDS composition of Au22Pt78/C (b) (red: Pt, blue: 
Au). (B) Cross section of 5.1 nm Pt-Au particles (about 5000 atoms) with random alloy 
structures [151, 153] 
2.5 Synthesis of metal-based catalysts via nonthermal plasma treatment  
Plasma is a substance in which many of the atoms or molecules are effectively ionized. 
Plasma can be generated if sufficient energy is added into a gas or gas mixture. Plasma is 
thereby known as the fourth state of matter. Some 99% of the matter in the universe is in the 
plasma state. However, temperatures and pressures encountered on earth are not favoured for 
the formation of plasma, except under some typical situations, such as lighting and the 
Northern lights [154]. A number of methods, including combustion, flames, electrically 
heated furnaces, electric  discharges (corona, spark, glow, arc, microwave discharge, plasma 
jets and radio frequency plasma) and shocks (electrically, magnetically and chemically 
driven) [155], have been applied for the generation of plasmas. 
For laboratory and industrial applications, plasma are mostly created by applying direct or 
alternating high voltages to a gas or a gas mixture. This is normally referred to as gas 
discharge plasma. Depending on the energy level, plasmas are usually classified as high and 
low temperature plasmas (including thermal and nonthermal plasmas). High-temperature 
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plasmas are normally used for nuclear applications. Low-temperature plasmas, including 
thermal and nonthermal plasmas, are extremely important for the syntheses and processing of 
matters. Thermal plasma is plasma in which almost all its components are at thermal 
equilibrium. The application of thermal plasma has created a huge business of syntheses and 
processing of inorganic materials, including materials for catalyst application [156, 157]. The 
nonthermal plasma has been extensively employed for processing organic materials and also 
been considered very promising for catalyst modification or treatment [158] because of its 
non-equilibrium properties, low power requirement, and its capacity to induce physical and 
chemical reactions at relatively low temperatures [159]. The electrons in nonthermal plasma 
can reach temperatures of 10000−100000K (1−10 eV), while the gas temperature can remain 
as low as room temperature. It is the high electron temperature that determines the unusual 
chemistry of nonthermal plasmas. Nonthermal plasmas are also referred to as cold or non-
equilibrium plasma. Based upon the mechanism how plasma is generated, the pressure 
applied, and the electrode geometry, nonthermal plasmas can have several very different 
types, including glow discharge, silent discharge (or dielectric barrier discharge) and radio 
frequency  discharge. 
 
2.5.1. Characteristics of catalyst preparation via nonthermal plasma 
Highly energetic electrons represent the most important character of nonthermal plasma. 
Although other plasma species may also present some influence during the plasma treatment, 
one cannot ignore the impact of electrons during nonthermal plasma treatment on the 
catalysts and on the precursor of the catalyst. However, the mechanism for the treatment is 
still far from clear. In order to determine the role of thermal effects during nonthermal plasma 
treatment, temperature measurements have been carefully conducted using thermal couple 
and infrared (IR) imaging with a portable thermal imaging camera. Fig. 2.13 shows images 
and IR thermal images of the glow discharge during the plasma treatment without and with a 
catalyst [160]. As shown in Fig. 2.13c, the catalyst powder is in the lowest temperature 
region, with a temperature of ~ 17 °C. The highest temperature of the system is just 42.4 °C, 
located in the region close to the cathode. The gas temperature distributions of glow 
discharge during the treatments of many other catalysts are similar. The results suggest that 
the thermal effects can be neglected during nonthermal plasma treatments. The observed 
improvement or enhancement in catalysts performance after plasma treatment must be due to 
other effects. 
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Figure 2.13  Image of argon glow discharge with no catalysts powder (a), Image 
of argon glow discharge during treatment of 2%Pd/Al2O3 catalyst (b) and IR 
thermal image of argon glow discharge during catalyst treatment (c) [159] 
 
2.5.2. The effect of nonthermal plasma on catalyst preparation 
An electronic mechanism was reported to exactly determine what happens to catalyst powder 
during nonthermal plasma treatment (Fig. 2.14). When materials are immersed in the plasma 
zone, the particles perform as the electron sinks. Each particle can be charged up to thousands 
of electrons. Previous study has also shown that the presence of catalyst powders 
dramatically decreases the density of electrons in glow discharge due to the trapping of 
electrons [161]. These trapped electrons form a plasma sheath around the particle (Fig. 2.14a) 
[159]. The electron flow in the plasma exposes a strong repulsive force on the sheath. At the 
same time, strong Coulomb repulsions exist between the electrons trapped on the same 
particle (Fig. 2.14b). The bonds of the precursors or clusters are possibly elongated or 
distorted (Fig. 2.14c) under this condition and are easily split if collided by other energetic 
species, resulting in a high dispersion. 
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Figure 2.14  Mechanism for the nonthermal plasma catalyst treatment [160] 
 
The electrical energy consumption for nonthermal plasma catalyst treatment is not high. For 
example, in the case of glow discharge catalyst treatment [162], the energy consumption is 
about 1 W.h/g. catalyst and can be further reduced significantly when a large scale treatment 
is established. And, the gas used for the nonthermal catalyst treatment can be argon, air, 
oxygen and nitrogen, which are basically cheap and nonhazardous. Since the plasma catalyst 
preparation could potentially replace the conventional catalyst procedures, it represents a new 
important R & D direction of green chemistry for alternative reagents. Previous researchers 
have confirmed the capability for nonthermal plasmas for catalysts reduction via the plasma-
reduced Pd catalyst for glucose oxidation [159]. Normally, this catalyst was reduced by 
expensive and hazardous liquid reductants. Now, it can be reduced simply by argon plasmas. 
Since the plasma for catalyst reduction can be simply, easily, and safely operated at room 
temperature and with low energy requirements, it has a great potential for extensive 
applications in chemical syntheses. Fig. 2.15 shows the interface between Ni and support 
(Ta2O5) and ZrO2), obtained from the argon plasma treatment [159]. This interface is 
sometimes very important to the semiconductor catalyst. The plasma treatment can readily 
generate such interface with no complex operation. It is the difference between the treatment 
methods that results in different interfacial structures. The plasma preparation uses the 
plasma treatment to replace the drying or thermal calcination. Formation of unfavored 
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interfacial region over the conventional catalysts can be observed from Fig. 2.15a and b, 
which is likely due to diffusion caused by the thermal effect of the conventional preparation. 
In addition to the changes of the surface morphology, the plasma treatment also induces a 
significant modification in the catalyst acidity [163]. The modified acidity would likely be 
one of the reasons causing the changes of the interface between the catalyst and the support. 
However, the modification mechanism is still not clear. 
 
 
Figure 2.15 TEM images of calcined Ni(NO3)2/Ta2O5 (a), Ni(NO3)2/ZrO2 (b) 
and plasma-treated and calcined Ni(NO3)2/Ta2O5 (c), Ni(NO3)2/ZrO2 (d) [159] 
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2.6 Summary 
The recent interest in the utilization of carbon dioxide and methane (two key contributors to 
climate change) for syngas production via CO2 reforming of methane has provided a renewed 
impetus to the development of new catalytic systems and high performance/coke resistant Ni-
based catalysts. To date, it is still a daunting challenge to fabricate Ni-based catalysts that 
exhibit high catalytic performance in CO2 reforming of methane with minimal coke 
formation/deposition. 
There are ongoing research studies to find ways of developing catalytic reactor systems that 
utilize the produced carbon materials as active catalysts during the reforming reaction and 
also into ways to exploit the electrochemical performance of the generated metal/carbon 
composites in different applications such as fuel cells. However, this can only be possible in 
microwave reactor systems where different carbon materials can easily be heated up, thereby 
functioning as active catalysts. 
To fully utilize the great potential of dry reforming reaction, several synthesis approaches 
which include combustion, impregnation, precipitation, supercritical, microwave heating and 
plasma treatment have been developed (i) to generate highly-dispersed metal nanoparticles on 
support, (ii) to enhance the interaction between the metal and the support, and (iii) to develop 
high-performance anti-coke nickel catalysts. 
However, there are still several factors that hinder the full implementation of the catalytic 
process as well as limiting the utilization of Ni-based catalysts for the reforming reaction. 
Firstly, although several approaches have produced nanosized metal particles on the support, 
tuning of the interaction between the metal and support, which is known to determine the 
catalytic performance, remains a formidable challenge. Synthesis methods that can both 
generate highly dispersed Ni nanoparticles and also enhance the metal-support interface are 
urgently required. Secondly, the catalytic process has mostly been performed using the 
conventional fixed-bed reactor, with very few reported works carried out under a microwave 
reactor. Although the catalytic performance of metal-based catalysts might not be particularly 
different under both reactor systems, carbonaceous materials are known to have good 
microwave absorption properties, which potentially make them active catalysts under 
microwave irradiation. In addition, the morphology of the produced carbon materials can be 
tuned easily under microwave irradiation, for potential use as electrode materials in fuel cells. 
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Chapter 3 Experimental details 
3.1 Introduction 
A variety of experimental techniques were used in the synthesis and characterization of the 
metal-oxides catalysts. The metal-oxides catalysts were synthesized using either 
impregnation or co-precipitation methods and treated under either conventional thermal 
heating or the microwave plasma treatment. The following characterization techniques were 
used for the analysis of the catalysts: X-ray diffraction (XRD), high resolution transmission 
electron microscopy (HRTEM), energy-dispersive X-ray (X-EDS), high-angle annular dark 
field scanning transmission electron microscopy (HAADF-STEM), field-emission scanning 
electron microscopy (FE-SEM), Atomic force microscopy (AFM), thermogravimetric 
analysis (TGA), Raman spectroscopy, X-ray photoelectron spectroscopy (XPS), hydrogen 
temperature-programed reduction (H2-TPR), and Fourier transform infrared spectroscopy 
(FTIR). The major aim of this chapter is to describe the synthesis procedures and discuss the 
characterization techniques used in this work. 
 
3.2 Material synthesis 
3.2.1 Synthesis of ceria support 
The CeO2 support was synthesized through a hydrothermal process. In specific, 60 mL of 
NaOH solution (9.17 mol/L) was added dropwise to cerium (III) nitrate (Ce(NO3)3·6H2O 
solution, 0.46 mol/L) under continuous stirring for 60 min forming a milky slurry. The slurry 
was transferred into a 100 mL Teflon-lined steel autoclave and heated in an electric oven for 
72 h at 100 °C. The precipitates were filtered, washed with deionized water, and left to dry in 
an oven overnight at 100 ºC. The material was then calcined at 500 ºC in air for 5 h, with a 
heating ramp of 5 ºC/min. This produced ceria support. 
3.2.2 Synthesis of supported Ni nanoparticles 
Mono- and bi-metallic incorporated nanoparticle ceria were co-impregnated with solutions of 
the appropriate metal precursors dissolved in deionized water. The co-impregnation of the 
aqueous solution of the respective metal precursors containing 5−40 wt.% of Ni and 2 wt.% 
of X (Ta, Fe and Cr)) was conducted under magnetic stirring at about 60 °C until a 
homogenous paste was formed. This was followed by drying in an oven at 100 °C overnight 
and calcination at 400 °C for 2 h in air. In this section, the mono-metallic incorporated 
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cerium catalyst is designated as “Ni/CeO2”, while the bi-metallic catalysts are designated as 
2Ta-Ni, 2Cr-Ni and 2Fe-Ni for 2Ta-Ni/CeO2, 2Cr-Ni/CeO2 and 2Fe-Ni/CeO2, respectively.  
 
3.2.3 Microwave-plasma treatment of the supported Ni nanoparticles 
An aqueous solution of nickel nitrate was impregnated onto the uncalcined cerium oxide 
nanoparticles prepared above to obtain samples with 5 and 10 wt% nickel content. Thereafter, 
the samples were dried in air overnight at 100 °C. The obtained samples were then treated 
using microwave plasma for 30 and 60 min at selected plasma power of 150, 180, 200 and 
250 W. In a general procedure, the plasma treatment was performed in a microwave plasma 
reactor, which includes a reaction chamber and a SAIREM industrial microwave generator 
(Figure 3.1) [1]. The output power could be changed continuously from 0 to 2000 W at a 
fixed frequency of 2.45 GHz. The walls of the microwave plasma reactor are made of 
microwave transparent material such that the gases in the reaction chamber can be irradiated 
by microwave energy to form the plasma and radicals in a plasma zone. For performing the 
plasma treatment, the reactor and the holder for the catalyst must be made of a microwave 
transparent material able to withstand high temperatures. One suitable material for the reactor 
and the holder comprises quartz. The microwave plasma reactor also includes an infrared 
temperature sensor, configured to measure the temperature of the catalyst. The plasma reactor 
is connected to a vacuum system with typical base pressure of ~10
-2 
Torr maintain by a rotary 
vacuum pump. Prior to treatment, the plasma reactor was pumped down for about 1 h or 
more. Once the pressure was stable, the microwave generator was raised to the required 
microwave power (150, 180, 200 and 250 W) and maintained within the plasma zone for the 
required exposure time. After the required duration, the plasma treated samples were allowed 
to cool down naturally to room temperature within plasma reactor. This preparation is 
essentially different to any plasma-treated sample that has been previously reported, in that 
we described here a much straightforward than usual (e.g. in the work of Wei [2] the support 
was already thermally calcined, sample exposed to glow-discharge nitrogen plasma for 45min 
and then to hydrogen plasma for another 45 min) procedure for obtaining supported metal 
catalysts using only plasma treatment.  
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Figure 3.1 Schematic diagram of the set-up of the microwave reactor system 
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3.3 Characterization of materials 
Various characterizations were conducted to determine the structure and properties of the 
synthesized materials. Before and after catalytic reactions, high-resolution transmission 
electron microscopy was used to determine size of the metal particles. The field emission 
scanning electron microscope (FESEM) was used to investigate the surface morphologies of 
the materials. X-ray diffraction (XRD) was employed to determine the crystalline nature of 
the materials, while the surface functional groups and surface chemistry were determined by      
Fourier transform infrared (FT-IR) spectroscopy and X-ray photoelectron spectroscopy 
(XPS), respectively. 
3.3.1 X-ray diffraction (XRD) 
Phase purity of the catalysts was determined by X-ray diffraction (XRD) in a Bruker 
Advanced X-ray diffractometer using nickel-filtered Cu Kα X-ray source radiation (λ = 
1.5405 Å) and operated at 40 kV and 40 mA under the following conditions: a scan speed 
2°/min and a measurement range 2θ = 10‒90º. Le Bail and Rietveld refinements on the XRD 
patterns were conducted using DIFFRAC
plus 
Topas 4.2 software [3]. During refinements, 
general parameters, such as the scale factor, background parameters, and the zero point of the 
counter, were optimized. Since too many parameters are involved in the refinement, Le Bail 
refinement was used to determine the space group and lattice parameters, while Rietveld 
refinement was then conducted to determine the position of each atom in the lattice. 
3.3.2 High resolution transmission electron microscopy (HRTEM) 
Samples for transmission electron microscopy (TEM) were ultrasonically dispersed in 
ethanol and transferred to carbon-coated copper grids. TEM observations were conducted 
using a JEOL 1010 electron microscope, while the high resolution transmission electron 
microscopy (HRTEM) were recorded on a JEOL 2100 microscope operated at 200 kV. The 
instrument was also fitted with a system for energy-dispersive X-ray (X-EDS) analysis. 
STEM image was carried out by means of Z-contrast imaging, generated by high-angle 
annular dark field (HAADF) scanning transmission electron microscopy (STEM). By using a 
STEM detector with a large inner radius (a HAADF detector), electrons were collected that 
were not Bragg-scattered. Bright field imaging and the high-angle annular dark-field 
scanning transmission electron microscopy (HAADF-STEM) were both used to investigate 
the positioning of the Ni particles on the ceria support. Using these imaging techniques, an 
aberration-corrected transmission electron microscope can reveal Ni particles with a high 
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contrast (bright spots) from the background. Average particle size values were obtained by 
measuring the diameters of about 50 particles in a representative region. 
3.3.3 Field emission scanning electron microscope (FESEM) 
The surface morphologies of the material were investigated by a field emission scanning 
electron microscope (FESEM, JEOL JSM 7100F) with an accelerating potential of 15.0 kV. 
3.3.4 Atomic force microscopy (AFM) 
Atomic force microscopy (AFM) images were taken on a digital Nanoscope IIIa Atomic 
Force Microscope. Imaging was done in non-contact mode using a V-shaped ‘Cantilever’ 
(Bruker, Si with frequency fc = 70–77 kHz, spring constants k = 0.5−4.4 Nm-1, and nominal 
tip radius 10 nm). All images were collected under ambient conditions at 50% relative 
humidity and 23°C with a scanning raster rate of 1 Hz. Samples for AFM images were 
prepared by depositing dispersions of nanoporous graphene in ethanol on a freshly cleaved 
mica surface and allowing them to dry in air. 
3.3.5 Raman spectroscopy 
Raman spectra were collected with a Renishaw inVia Raman spectrometer equipped with a 
Leica DMLM microscope and a 514 nm Ar
+
 ion laser as an excitation source. An x50 
objective of 8 mm optical length was used to focus the depolarized laser beam on a spot of ~3 
µm in diameter, with the laser power at 2.0 mW. The Raman scattering was collected with a 
CCD array detector and in the 0‒3000 cm-1 spectral region with a resolution of 2 cm-1. Each 
spectrum is the average of 20 scans with an exposure time of 10 s for each scan.   
3.3.6 Nitrogen adsorption measurements 
The N2 adsorption measurements of the calcined samples were performed using a Tristar II 
3020. Surface area calculations were carried out using the Brunauer-Emmett-Teller (BET) 
methods [4]. The total pore volume was calculated from the adsorbed amount at a maximum 
relative pressure P/P0, while pore size distribution was analyzed using a non-local density 
functional theory (NL-DFT) method with a slit pore model form the nitrogen adsorption data. 
3.3.7 X-ray photoelectron spectroscopy (XPS) 
      X-ray photoelectron spectroscopy (XPS) were acquired on a Kratos Axis ULTRA X-ray 
photoelectron spectrometer incorporating a 165 mm hemispherical electron energy analyser 
and a monochromatic Al Kα (1486.6eV) radiation at 150W (15kV, 10 mA). Survey (wide 
scans were taken at an analyser pass energy of 160 eV and multiplex (narrow) high resolution 
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scans at 20 eV. Base pressure in the analysis chamber was 1.0 x 10
-9
 Torr and it increased to 
1.0 x 10
-8
 Torr during sample analysis. The binding energies were determined using the C1s 
line at 284.6 eV from adventitious carbon as a reference. Recorded spectra were fitted using 
Gaussian-Lorentzian curves in order to determine the binding energies of the different 
element core levels more accurately.  
3.3.8 Hydrogen temperature-programmed reduction (H2-TPR) 
The reducibility of catalysts was studied by hydrogen temperature-programmed reduction 
(H2-TPR) on a BELCAT (BEL Japan, INC) apparatus. H2-TPR of the samples placed at the 
bottom of a U-shaped quartz tube was investigated by heating the samples (50 mg) in H2 (5 
vol. %)/Ar flow (50 ml/min) at a heating rate of 10 
0
C/min from 50 to 800 °C. The hydrogen 
consumption was monitored by a thermo-conductivity detector (TCD). Before the H2-TPR 
analysis, the samples were heated for 60 min in Ar flow at 100 °C. 
3.3.9 Hydrogen chemisorption 
The Ni surface area was measured by H2 chemisorption on a BEL JAPAN instrument. 
Samples were first dried under Ar atmosphere at 500 °C for 1 h and then reduced in situ 
under 30 ml/min flow of H2 at 500 °C for 2 h using a heating rate of 5°
 
C/min. The samples 
were evacuated at this temperature for 2 h, and then cooled down to 40
 
°C for the 
chemisorption measurement. An adsorption stoichiometry of one H2 adsorbed per surface Ni 
atom was assumed. 
3.3.10 Thermogravimetric analysis (TGA) 
Thermogravimetric analysis (TGA) measures the mass change in a sample as a function of 
temperature, under a controlled atmosphere. It provides a quantitative measurement of the 
mass changes in a material associated with both material transitions and thermal degradation 
and thus can be used in the determination of the thermal stability and decomposition products 
of a material. The instrument used was a Perkin Elmer Instruments STA 6000 Thermo 
Gravimetric Analyser. Samples were heated at a rate of 5 °C/min to a maximum temperature 
of 850 °C in a flowing atmosphere of nitrogen.  
3.3.11      Fourier transform infrared spectroscopy (FT-IR) 
Fourier transform infrared (FT-IR) spectroscopy is one of the most common spectroscopic 
techniques used by organic and inorganic chemists. Infrared radiation is passed through the 
sample and a detector measures the energy of the transmitted radiation. Examination of this 
transmitted light shows how much energy has been absorbed at each wavelength. The 
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spectrum produced shows at which particular wavelength the sample absorbed which in turn 
reveals details regarding the molecular structure of the material since different functional 
groups absorb at known characteristic frequencies. In this work, IR spectra were collected on 
a Perkin Elmer Spectrum GX FT-IR spectrometer, 16 scans were taken using a resolution of 
4 cm
-1
. 
3.4 Evaluation of the metal-oxides as reforming catalysts 
3.4.1 Conventional fixed-bed reactor system 
The catalytic activity measurements were carried out under atmospheric pressure in a 
continuous down flow quartz fixed-bed reactor with inner diameter of 7 mm. All samples 
were pelletized, ground and sieved to obtained grain size between 0.13 and 0.25 mm. 
Typically, 50 mg of catalyst was loaded in the reactor using quartz wool. The samples were 
exposed to a feed with a constant CH4 to CO2 (50 %:50 %) molar ratio of 1:1 and the space 
velocity of the total gas mixture fixed at 38400 ml (h.gcat)
-1
. 50 mg of catalyst was used to 
conduct the initial performance of the catalysts in the range of 450−700 °C in steps of 50 °C, 
using a step duration of 30 min. For the stability tests, the reaction temperature was kept 
constant at 700 °C for 12 h time-on-stream (TOS) using a GHSV of 38400 ml (h.gcat)
-1
.  
Prior to each test, the samples were reduced in the reactor with H2 at 350 °C for 45 min. The 
composition of the reaction products was analyzed using an on-line gas chromatograph 
equipped with a Porapak Q column and a thermal conductivity detector (TCD). During the 
course of investigation, a number of runs were repeated to check for reproducibility in the 
experimental results and typical errors were in the range of ±2%. In order to ensure the 
reaction is performed in the kinetically controlled regime, the external and internal diffusion 
influences were investigated. 
3.4.2 Microwave reactor system 
The catalytic activity measurements were carried out under atmospheric pressure using a 
microwave reactor (SAIREM) consisting of a reaction chamber and microwave transparent 
walls [1]. The output power of the microwave generator could be changed continuously from 
0 to 2000 W at a fixed frequency of 2.45 GHz. After 500 mg of catalyst was loaded into the 
chamber, it was pumped down for about 1 h.  It is of paramount importance to point out that 
loading a low amount of catalysts (100‒450 mg) into the microwave system does not 
stimulate the breakdown of CO2 and CH4 gases, and there was no evidence of either CNT or 
syngas formation. The chamber is connected to a vacuum system with typical base pressure 
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of ~10
-2 
Torr maintain by a rotary vacuum pump. Once the pressure was stable, H2 gas (15 
mL/min) was introduced into the chamber, and then the microwave power increased to 120 
W and maintained for 30 min to remove the surface oxide layer from the catalyst. After the 
chamber was purged with argon gas for ~ 45 min, the reactant gases were introduced into the 
system. A feed with a constant CH4/CO2 molar ratio of 1:1 was used throughout the 
experiments. The initial activity tests of the catalysts were investigated in the range of 
350−600 W using steps of 50 W, while the stability test was carried out at a constant 
microwave power of 500 W for 14 h time-on-stream (TOS) with a gas flow rate of 85 
mL/min. The product composition was analyzed using an on-line gas chromatograph 
equipped with a Porapak Q column and a thermal conductivity detector (TCD). During the 
course of investigation, a number of runs were repeated to check for reproducibility in the 
experimental results. Typical errors were in the range of ±2%.  The conversions of CH4 and 
CO2 were calculated by means of the following equations [5]: 
CH4 conversion, % = [(H2)out/2]/[(CH4)out + (H2)out/2] × 100 
CO2 conversion, % = [(CO)out/2]/[(CO2)out + (CO)out/2] × 100 
Where (CH4)out, (H2)out, (CO2)out and (CO)out are the concentrations of CH4, H2, CO2 and CO 
as the effluent gas, respectively. 
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Metal–support interface of a novel Ni-CeO2 catalyst for dry reforming of 
methane 
Taiwo Odedairo, Jiuling Chen, Zhonghua Zhu* 
The University of Queensland, School of Chemical Engineering, St Lucia, Brisbane 4072, Australia. 
Abstract: Simultaneous treatment of both the loaded metal and the ceria support under 
plasma led to the generation of clean metal-support interface. This novel synthesis route 
prevents the tendency of Ni atoms migrating into the bulk of the supports, thereby avoiding a 
diffused interfacial region. The plasma treated sample showed excellent stability and higher 
catalytic activity than the thermally calcined sample in dry reforming of methane. The high 
activity of the plasma treated sample is attributed to the clean metal-support interface 
generated by exposing both the support and the loaded metal to microwave plasma treatment. 
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4.1 Introduction 
      Mitigation and exploitation of greenhouse gases, such as carbon dioxide and methane, are 
among the most important challenges in the area of energy research. Catalytic reforming of 
methane with carbon dioxide to synthesis gas has been proposed as one of the most 
promising technologies for utilization of these two greenhouse gases [1]. In comparison to 
conventional steam reforming or partial oxidation of methane, dry reforming of methane 
(DRM) is more appropriate in remote natural gas or crude oil fields, where water supplies are 
limited [2]. Moreover, it yields lower H2/CO product ratios, which are preferable feeds for 
Fischer-Tropsch plants for synthesis of oxo-alcohols, acetic acid, and dimethyl ether [3].  
      Intensive efforts have been devoted by several researchers to investigate a more suitable 
catalyst for this reaction [4−9]. The reaction has been investigated over both noble metal [10, 
11] and nickel-based [12, 13] catalysts dispersed on different carriers. The main drawback of 
the dry reforming of methane is the large thermodynamic potential for coke formation [14]. 
Thus, supported nickel based catalysts that present mild resistance to coke formation have 
been synthesized, but their stability and carbon-forming resistance is still low, and deactivates 
if used without the presence of steam [15, 16]. A number of researchers have suggested that 
the nature of the support strongly affects the catalytic behaviour and carbon deposition in the 
CH4/CO2 reaction [17, 18]. 
      Recently, the use of plasmas, instead of more conventional catalyst synthesis methods, for 
a more effective preparation of catalysts has attracted a substantial amount of interest because 
of the unusual chemical reactivity that can be achieved in a plasma environment [19−21]. 
Non-equilibrium plasmas are characterized by a relatively low gas temperature in contrast 
with a high electron temperature and can be generated by applying a radio frequency, 
microwave, or direct current source [22, 23].  
      Herein, we present non-aggregated ceria nanoparticles whose surface is covered with 
nickel particles in the nanoscale, synthesized by treating both the support and the loaded 
metal with only microwave plasma, excluding the conventional method of thermally 
calcining the support prior to metal loading. Using this synthesis route, better nickel 
dispersion, desired metal-support interface as well as desired morphologies of nickel particles 
were obtained. 
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4.2 Experimental 
4.2.1 Preparation of cerium oxide nanoparticles 
      60 mL of NaOH solution (9.17 mol/L) was added to cerium (III) nitrate (Ce(NO3)3.6H2O 
solution, Sigma Aldrich) solution (0.46 mol/L) dropwise under continuous stirring for 60 min 
with the formation of a milky slurry. The slurry was transferred into a 100 mL Teflon-lined 
steel autoclave and heated in an electric oven for 72 hours at 100°C. The precipitates were 
filtered, washed with deionized water and left to dry in an oven overnight at 100
0
C. After 
being dried in air overnight, they were divided into two parts. One part was calcined under air 
at 500°C for 5 hours, with a heating ramp of 5
0
Cmin
-1
, while the other was left uncalcined for 
treatment under plasma condition. For sample prepared using the conventional method, 
supported nickel catalyst was prepared by wet impregnation using the calcined support and 
an aqueous solution of nickel nitrate of the appropriate concentration to obtain a sample with 
5 wt% nickel content. After impregnation, the sample was dried at 100
0
C and calcined in air 
for 2 hours at 400°C.  
4.2.2 Microwave plasma treatment of cerium oxide nanoparticles 
      An aqueous solution of nickel nitrate was impregnated onto the uncalcined cerium oxide 
nanoparticles prepared above, to obtain a sample with 5wt% nickel content. Thereafter, the 
sample was dried in air overnight at 100°C. The obtained sample was then treated using 
microwave plasma for 30 min at a plasma power of 250 W with air as the plasma-forming 
gas. The microwave plasma reactor includes a microwave generator operated at a frequency 
of 2.45 GHz. A detailed description of the microwave plasma apparatus applied in treating 
the samples can be found in Zhu et al. [24].  
4.2.3 Characterization 
The bulk structural chemistry of all the samples was analysed by powder X-ray 
diffraction and transmission electron microscopy (TEM). XRD patterns were obtained using 
a Bruker Advanced X-ray diffraction (40 kV, 30 mA) with Cu Kα (0.15406 nm) radiation at a 
scanning rate of 2°C/min from 10−90°. The high resolution transmission electron microscopy 
(HRTEM) was recorded on a JEOL 2100 microscope operated at 200 kV. X-ray 
photoelectron spectroscopy (XPS) were acquired on a Kratos Axis ULTRA X-ray 
photoelectron spectrometer incorporating a 165mm hemispherical electron energy analyser 
and a monochromatic Al Kα (1486.6eV) radiation at 150W (15kV, 10ma). Survey (wide 
scans were taken at an analyser pass energy of 160eV and multiplex (narrow) high resolution 
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scans at 20 eV. Base pressure in the analysis chamber was 1.0 x 10
-9
 torr and during sample 
analysis 1.0 x 10
-8
 torr. The binding energies were determined using the C1s line at 284.8eV 
from adventitious carbon as a reference. Recorded spectra were fitted using Gaussian-
Lorentzian curves in order to determine the binding energies of the different element core 
levels more accurately. Raman spectra were collected with a Renishaw inVia Raman 
spectrometer equipped with a Leica DMLM microscope and a 514-nm Ar
+
 ion laser as an 
excitation source. A x50 objective of 8mm optical length was used to focus the depolarized 
laser beam on spot of about 3µm in diameter, and using a laser power at the sample of 2.0 
mW. The Raman scattering was collected with a CCD array detector and in the 100−700 cm-1 
spectral region with a resolution of 2 cm
-1
. Each reported spectrum is the average of 20scans 
with an exposure time each of 10 s. The bulk phase changes within the materials were 
monitored using a thermogravimetric analysis (TGA) (Perkin Elmer STA 6000 thermal 
analyzer). Surface area calculations were carried out using the BET method, while pore size 
distribution was estimated from the desorption branch of the isotherms using the BJH 
method. Adsorption isotherms were measured in a Tristar II 3020 at -196°C. 
4.2.4 Activity Evaluation 
The catalytic activity measurements were carried out under atmospheric pressure using a 
continuous fixed-bed flow reactor. Typically, 50 mg of catalysts was loaded in the reactor. 
The molar ratio of CH4 to CO2 was 1:1 with a GHSV of 38400 ml/(h.gcat) at a reaction 
temperature of 700°C.  Before the activity test, the samples were reduced in the reactor with 
H2 at 350°C for 45 min. The products were analysed by on-line gas chromatograph equipped 
with a thermal conductivity detector (TCD). During the course of investigation, a number of 
runs were repeated to check for reproducibility in the experimental results, which were found 
to excellent. Typical errors were in the range of ±2%. 
 
4.3 Results and discussion 
4.3.1 Characterization of the samples 
      The powder X-ray diffraction patterns for the thermally calcined and plasma treated ceria 
are shown in Fig. 4.1. Both samples show well resolved peaks characteristic of a face-
centered cubic fluorite structure of CeO2. Also, peaks observed at 2θ = 63, 43.5 and 37.5° can 
be assigned to the NiO (220), NiO (200) and NiO (111) phases, respectively. The mean 
diameter of ceria crystallites were determined by the peak broadening of the (111) reflection 
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in the XRD patterns, following the Scherrer equation. A crystallite size of 11.5 nm was 
noticed for the thermally calcined ceria, while the plasma treated ceria gave a crystallite size 
of 32.2 nm.   
 
Fig. 4.1 Wide-angle XRD patterns of supported nickel nanoparticles 
prepare by plasma treatment (a) and the thermal calcination sample (b) 
      Impregnation of nickel on the ceria support has a consequential impact on the BET 
specific surface area, pore volume and pore size of the materials prepared. The BET surface 
area of the thermal calcined Ni/CeO2 and the plasma treated sample are 59 m
2
g
-1
 and 15 m
2
g
-
1
, respectively (Table 4.1). The decrease of specific surface area and pore volume after 
impregnation of Ni on the thermally calcined sample might suggest the presence of nickel 
oxides species inside the pores of Ni/CeO2. The changes in the textural properties observed 
for the plasma treated sample and the thermally calcined material, such as a decrease in the 
surface area and pore volume with an increase in the pore diameter, may be due to residual 
carbon elimination, since the presence of residual carbon may contribute to a high surface 
area. 
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Table 4.1 Textural properties of the thermally calcined and plasma treated samples 
Sample SBET
a 
(m
2
g
-1
) 
Vp. 
(cm
3
g
-1
) 
Pore diameter
b
 
(nm) 
Calcined CeO2 73 0.37 15.4 
 
Thermally cal. Ni/CeO2 59 0.30 16.0 
 
Plasma treated 
Ni/CeO2 
15 0.18 27.6 
 
a
 BET specific surface area.
 
b
 Average diameter estimated from the desorption branch of the nitrogen isotherms using the BJH 
method. 
 
      The TEM images of the supported nickel nanoparticles show a well-ordered spherically 
shaped ceria, prepared by only microwave plasma treatment (Fig. 4.2), contrary to what is 
generally noticed when thermal calcination is use for treatment. The composition of point A 
in Figure 4.2a was analyzed with energy-dispersive X-ray Spectrometry (EDS) as shown in 
Fig. 4.2. Ni was observed on the surface of the support, but could not be seen clearly due to 
the low resolution of the TEM image. HRTEM measurements confirm the presence of well-
dispersed nickel particles less than 5 nm in size on the surface of the ceria supports (Fig. 
4.2b−d), resulting in a clean metal-support interface. In sharp contrast to what is generally 
observed using the conventional method, where the nickel particles dispersed within the ceria 
support tends to agglomerate and form analogous spherical nanoparticles, an entirely 
different phenomenon was noticed using the microwave plasma. The particle size of the 
plasma treated ceria supports was about 60−120 nm. The HRTEM images confirm that most 
of the nickel particles were neatly arrange on the surface of the support and not within the 
ceria supports. Thermal decomposition of nickel nitrate has been known to cause a migration 
of the Ni atoms into the bulk of the supports, resulting in a diffused interfacial region [25]. 
Fig. 4.2e and f show typical TEM images of nickel supported on ceria prepared using the 
conventional method, in which the nickel particles are dispersed within the CeO2 support. 
These images are consistent with a typical Ni impregnated on different support, prepared by 
thermal calcination that has been reported by several researchers [26−28]. The thermally 
calcined sample gave nickel particles of about 40−70 nm (Fig. 4.2e), however, smaller nickel 
particles of about 10−30 nm were also observed (Fig. 4.2f). 
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Fig. 4.2 Representative TEM images of supported nickel nanoparticles prepare by 
plasma treatment (where (a) to (d) correspond to images of Ni/CeO2 treated under plasma) 
and thermal calcination (e and f correspond to images of Ni/CeO2 prepared by conventional 
method) 
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   The HRTEM images recorded on the plasma treated sample provided an added insight into 
the uniqueness of this synthesis route as shown in Fig. 4.3. Not only were the nanoscale 
nickel particles uniformly supported on the ceria supports, but the ceria supports were noticed 
to combine together in a unique fashion. Since nanostructured materials are thermally 
sensitive, the conventional thermal calcination ruins the original structure or surface states of 
these materials. The HRTEM images together with the corresponding fast Fourier transform 
(FFT) analysis are shown in Fig. 4.3.  Figure 4.3b shows a (111) plane of CeO2 structure 
designated as spot A, combining with a (100) plane of another CeO2, designated as spot B. 
By recording a large amount of images from different areas on the CeO2 nanoparticles and 
identifying the lattice fringes and particle orientation, it was observed that the dominant 
lattice fringes combining were the (111) and (100). This particular material synthesized is 
important since the role of the support may be limited to the stabilization of small particles 
with large amounts of low coordinated sites, or may help to stabilize or activate some of the 
reactants at the metal-support interface or on the support itself.  
 
 
Fig. 4.3 HRTEM images of the sample treated under plasma (a, b) and the fast Fourier 
transform image corresponding to the image in (b) (where Spot A corresponds to (c) and Spot 
B corresponds to (d))  
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      Insight on the positioning of the substituted NiO in CeO lattice is also evident by the 
Raman spectroscopy (Fig. 4.4a). It is known that the first-order Raman band near 464 cm
-1
, 
shifts to lower energies and the lines shape of this feature gets broader as the particle size get 
smaller [29]. It is evident that this particular phenomenon is observed when comparing the 
Raman spectra characterizing the plasma treated (458.9 cm
-1
) and the sample prepared using 
the conventionally method (442.1 cm
-1
). Additionally, a series of second-order bands were 
also noticed at 586, 228 and 153 cm
-1
. 
      In order to correlate the reducibility of the materials with catalytic activity, temperature-
programmed reduction studies (H2-TPR) of both the thermally calcined and the plasma 
treated sample were investigated. The H2-TPR profiles of the plasma treated sample showed 
only one obvious reduction peak, while two reductions peaks were observed over the 
thermally calcined material, except the desorption peaks of H2 at around 150°C (Fig. 4.4b). 
The first reduction peak noticed over the thermally calcined sample can be assign to highly 
reducible surface ceria species [30], while the second peak observed over the material can be 
assign to the reduction of bulk NiO species, which have weak interaction with the support. 
On the other hand, the plasma treated sample shows a reduction peak centered at about 404 to 
610°C, which can be attributed to the reduction of NiO species, which have strong interaction 
with the support [31, 32]. The temperature-programmed reduction profiles of both materials 
clearly show the unique metal-support interaction generated by treating an uncalcined ceria 
support and the loaded metal with microwave plasma using air as the support gas. 
      The Ni2p XPS spectra were analyzed to determine the status of the nickel particles. For the 
Ni 2p3/2 peak, the Ni states noticed over both catalysts consist of Ni oxide and hydroxides. As 
shown in Fig. 4.4c and d, the Ni2p3/2 XPS peaks at the binding energies of 853.4, 855.6 and 
857.6 eV correspond to NiO, Ni(OH)2, and NiOOH, respectively [33−35]. The Ni2p 
spectrum was made complicated by the presence of a high binding energy satellite peak 
(861.5 eV) adjacent to the main peaks. It is obvious that no metallic Ni
0
 was observed over 
both catalysts under study. This is easily understood since all samples are ex-situ and have 
been exposed to the atmosphere. However, it important to note that the Ni oxide noticed over 
the plasma treated sample (44.9%) is higher than the amount detected over the sample 
prepared using the conventional method (33.1%). Nanostructured materials have been known 
to be thermally sensitive and thermal calcination is reported to ruin their original structure or 
surface states [25]. Since the diffusion of Ni particles into CeO2 is avoided or tremendously 
reduced when the material is treated under plasma, this phenomenon in turn provides higher 
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metal coverage on the support of the plasma treated sample, which accounts for the higher Ni 
oxide observed over this material as compared with the thermally calcined sample. 
Furthermore, the better nickel dispersion observed over the plasma treated sample (Fig. 4.2c 
and d), which result in the exposure of more active sites on the catalyst surface also justifies 
the larger fraction of Ni noticed over the material. This is in line with observation made by 
Wei et al. [36], in which the authors reported better cobalt dispersion when decomposition of 
the cobalt nitrate was conducted under plasma instead of by conventional calcination. The 
XPS data and their assignments are summarized in Table 4.2. 
 
Table 4.2 XPS data and the possible chemical state for Ni and atomic ratios of Ni/Ce 
and O/Ce 
Sample  XPS of Ni2p (B.E. in eV) Atomic ratios 
 
NiO Ni(OH)2 NiOOH    Ni/Ce O/Ce 
Thermally 
calcined 
853.4 (33.1%) 855.6 (25.8%) 857.9 (41.1%)
  
0.08 10.2 
Plasma treated
  
853.6 (44.9%) 855.4 (29.8%) 857.9 (25.3%)
  
0.11 10.7 
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Fig. 4.4 Raman spectra characterizing (a) thermally calcined and (b) plasma treated 
(A), H2-TPR profiles of the (a) plasma treated sample and the (b) thermally calcined Ni/CeO2 
(B), XPS spectra of the thermal calcined (C) and the plasma treated sample (D) 
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4.3.2. Catalytic activity of the samples in dry reforming of methane 
Fig. 4.5 presents the catalytic activity of the plasma treated sample and thermally 
calcined sample in dry reforming of methane. As shown in Fig. 4.5a, the plasma treated gave 
~39% methane conversion after 12 h time-on-stream, which is two times higher than the 
conversion noticed over the thermally calcined sample. Besides the higher activity, the 
plasma treated sample is much stable than the material prepared using the conventional 
method, whose methane conversion decreased from ~45% to ~15% after 12 h time-on-
stream. Similar to the conversion of methane noticed over both catalysts, a much higher CO2 
conversion was also observed over the plasma treated sample (~70%) as compared with the 
thermally calcined sample (~40%). The conversion of CO2 was slightly higher than that of 
methane for both catalysts due to reverse water gas shift reaction (Fig. 4.5b). A much better 
long-term stability was also noticed over the plasma treated sample as compared with the 
thermally calcined sample. The Raman result presented in Fig. 4a shows that the Raman peak 
observed over the thermally calcined sample shifted to lower energies, which probably 
indicates that the nickel particles are incorporated within the CeO lattice. Since CH4 
decomposition is generally activated on metallic surfaces, a possible explanation for the rise 
in CH4 conversion between 300 and 500 min might be due to the exposure of CH4 to the Ni 
metals which were inaccessible at the initial stage of the reaction or the presence of fully 
reduced nickel at this stage of the reaction. Consequently, the presence of more hydrogen 
probably led to an increase in reversed water-gas shift reaction, leading to a simultaneous 
increase in the conversion of CO2. Furthermore, the sudden increase in conversions observed 
over the thermally calcined sample between 300 and 500 min reaction time, can also be as a 
result of formation of new active sites when the material was exposed to reaction mixture that 
contained the reducing gases H2 and CO [37, 38]. However, due to the weak metal-support 
interaction exhibited by this thermally calcined material, the deactivation of the sample still 
eventually occurred after a particular period of time. 
It is known that in reforming of methane, the number of active sites is usually less 
than the total number of surface metallic atoms [39]. Consequently, less metal density and 
better metal dispersion may lead to more active sites on the catalyst surface. Therefore, the 
exceptional catalytic performance and the long-term stability exhibited by the plasma treated 
sample is due to the clean metal-support interface generated by simultaneously treating both 
support and the loaded metal under microwave plasma. Also, according to coke formation 
mechanism [40, 41], coke is easily formed on the surface of large sized Ni particles. Hence, 
the smaller supported Ni nanoparticles generated by microwave plasma treatment, also 
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reduces carbon deposition, there by resulting in not only high activity but also better stability 
in dry reforming of methane. Additionally, the plasma treated sample exhibited a much 
higher H2/CO ratio (~0.58) as compared with the thermally calcined sample (~0.44). The low 
H2/CO ratio is generally due to the occurrence of reversed water-gas shift reaction which 
consumes H2. It is important to note that CH4 and CO2 conversion in this present work is not 
optimized; the metal loading, the crystalline structure of the support and the synthesis route 
are currently under investigation. 
4.3.3 Analysis of catalyst deactivation 
Raman spectroscopy is a great technique to characterize the structure and the 
compositions of carbonaceous species over spent catalysts [42]. Fig. 4.5d displays the Raman 
spectra of spent catalysts after 720 min time-on-stream. The recorded Raman spectra of the 
spent catalysts show two major bands at around 1343 cm
-1
 (D band) and 1572 cm
-1
 (G band), 
being the intensity of the G band stronger than that of the D band over the plasma treated 
sample, while comparable D and G bands were observed over the thermally calcined sample. 
The D band, also known as the disorder-induced band, is mainly due to structural 
imperfections, which exist in defective, polycrystalline graphite and other carbonaceous 
materials [43]; whereas the G band is attributed to graphitic carbon which arises from the in 
plane C-C stretching vibrations of pairs of sp
2
 carbons. The ratio of D and G band intensities 
(ID/IG) is known to correlate with the in-plane crystal domain size and has been used to 
estimate the degree of disorder in the graphitic carbon or, conversely, the extent of edge plane 
graphite [44]. A ID/IG ratio near zero indicates high crystallinity (order) and a ratio near to or 
greater than one demonstrates high disorder due to abundant defects in the graphitic structure.  
The ratios of the intensities of the D and G bands (ID/IG) were 0.48 for the plasma treated 
sample and 1.06 for thermally calcined material, suggesting that the carbonaceous species on 
the thermally calcined material is highly disordered and that significant edge plane sites are 
present. 
TEM results of the spent plasma treated sample, is shown in Fig. 4.5e and f. Over the 
spent plasma treated sample, most of the Ni particles are between 5 and 10 nm in diameter 
along with few larger particles of about 10−25 nm. It can be seen from Fig. 4.5e and f that the 
support of the spent plasma treated sample was still kept intact even after the sample has been 
used in CH4 reforming with CO2 for 720 min. The presence of these small Ni nanoparticles 
located on the surface of the ceria support validates the strong metal-support interaction 
generated by the plasma treatment. Carbon nano-fibers and graphitic carbons can be detected 
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on the plasma treated sample, in agreement with the Raman results. The few large Ni 
nanoparticles observed over this material were located at the middle or at the top of carbon 
fibers, probably due to the detachment and migration of Ni clusters from the support. 
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Fig. 4.5 The conversions of CH4 (A), CO2 (B), H2/CO ratio (C) over the plasma treated 
sample (●, ○) and the thermally calcined sample (■, □) (GHSV = 38400 ml/ (h. gcat), 
CO2/CH4 = 1:1, T = 700°C), Raman spectra of carbon deposits over spent catalysts after 720 
min reaction (D) and TEM micrograph of the plasma treated catalyst after 720 min reaction 
(E and F) 
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4.4 Conclusion 
In summary, we have shown a correlation between catalytic activity of nickel supported on 
CeO2 and a clean metal-support interface. Based on the above analysis, it is clear that the 
synthesis of supported nickel nanoparticles under microwave plasma resulted in an entirely 
different material compared with sample prepared using the conventional thermal calcination. 
The higher activity and excellent stability demonstrated by the plasma treated sample can be 
attributed to the clean metal-support interface generated by the novel synthesis route. 
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Abstract: A microwave plasma treatment was applied to obtain not only a desired strong 
metal–support interaction but also a well-dispersed nickel nanoparticles supported on ceria. 
The catalytic properties of these supported nanoparticles were tested in CO2 reforming of 
methane. The plasma treated Ni/CeO2 catalysts showed enhanced turnover frequencies 
(TOF), normalized by Ni on the surface, as compared with the thermally calcined samples. 
The Ni/CeO2 treated under plasma with low Ni loading gave an enhanced TOF of 9.5 s
-1
 
(700°C, 50% CH4 and 50% CO2 and 1 atm) as compared with the thermally calcined catalyst 
(8.7 s
-1
). Increasing the Ni loading on the plasma treated Ni/CeO2 catalysts gave an improved 
TOF (10.4 s
-1
) which was stable with time, while the TOF was observe to drop by a factor of 
2 of the optimal TOF on the thermally calcined catalyst after 5 h.  For the plasma treated 
samples, concurrent treatment of both the uncalcined ceria support and the loaded metal 
precursor generated strong metal-support interaction and formation of well-dispersed Ni 
particles, resulting in superior and stable TOF with time. In the case of thermally calcined 
catalysts, the weak metal-support interaction, and the agglomeration of Ni clusters together 
with the migration of the Ni particles into the ceria support hindered the accessibility of 
active nickel sites, resulting in deactivation of the materials during reaction. Moreover, the 
HRTEM, STEM-HAADF, H2-TPR and XPS yielded a clear picture of the impact of 
microwave plasma treatment on the nickel particles size, shape, distribution and its 
interaction with the ceria support.  
 
 
 
 
 
Chapter 5 Synthesis of supported nickel nanoparticles via a nonthermal plasma approach and 
its application in CO2 reforming methane 
75 
 
5.1   Introduction 
      Cogent design based on understanding the correlation between structure at the molecular 
level and catalyst performances have brought about novel catalysts for environmental and 
energy-related conversions. The use of fossil resources (coal, crude oil and natural gas) 
results in strong liberation of CO2 and its accumulation in our planet’s atmosphere. Thus, 
CO2 and released methane play a major role in the global warming effect [1], hence the 
output of these gases must be reduced. One contribution to reduce the greenhouse effect and a 
simultaneous economical utilization of fossil resources is the use of CO2 and CH4 as chemical 
feedstock [2]. A high promising reaction therein is the CO2 reforming of methane; often 
called dry reforming of methane, wherein CO2 and CH4 react to give syngas (CO and H2). 
However, the major difficulty in realization of carbon dioxide reforming of methane is the 
thermodynamically favoured coke formation, which deactivates the catalysts. 
      Ceria-based materials have been receiving a great deal of attention in recent years due to 
their extensive use in very broad fields ranging from catalysis [3, 4], to ultraviolet radiation 
absorbers [5], fuel cell technologies [6, 7], gas sensors [8], solid state electrolytes [9].
 
With 
respect to catalysis, CeO2 is a valuable support material for the low-temperature water gas 
shift reaction and preferential oxidation of CO in hydrogen-enriched atmospheres. This is due 
to its oxygen storage capacity which is based on a unique ability to undergo reversible redox 
transitions to form a series of non-stoichiometric phases of composition CeO2→CeO2-X. 
Many of these applications desire a CeO2 samples with low-temperature activity, textural 
stability, thermal resistance and with the highest possible surface area. CeO2 has been 
recognized as the best supporting material for catalysis for Au nanoparticles due to its high 
oxygen storage and release capacity, facile oxygen vacancy formation, and the presence of a 
narrow Ce f-band [10]. 
      Several researchers have reported that the activity of supported metal catalysts is strongly 
influenced by the method of catalysts preparation and the pre-treatment conditions [11]. 
Some types of catalytic reactions may occur at the interface between a metal and a support. 
Phenomena which have been highlighted are spillover to/from an active phase to a support 
[12] and strong metal-support interaction (SMSI) [13]. The effect of metal particle size is 
considered to be of paramount importance, but evidence indicates that the support may also 
play an important role, either direct or indirectly, in determining the activity and selectivity 
[14−16]. Efficiency of metal loaded support is known to improve either by synthesizing 
better supports or by modifying the properties of the metals [17]. Therefore, understanding of 
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metal-ceria support interactions in supported metal catalysts is very vital for developing ceria 
based catalysts with desired performances. 
      In recent times, the use of plasmas, instead of the conventional catalyst synthesis 
methods, for a more effective preparation of catalysts has attracted a substantial amount of 
interest because of the unusual chemical reactivity that can be achieved in a plasma 
environment [18, 19]. Nonthermal plasma has been extensively used to convert small stable 
molecules, to modify the surface of polymers, and to treat catalysts, but the detailed 
mechanism of the plasma treatment is still unclear [20, 21]. Nonthermal plasmas are 
characterized by a relatively low gas temperature in contrast with a high electron temperature 
and can be generated by applying a radio frequency, microwave, or direct current source [22, 
23]. Liu et al. [24] showed that plasma treated Ni particles supported on silica is an efficient 
low-temperature catalyst for dry reforming of methane. A high catalytic activity was also 
observed over a plasma treated Ni/Al2O3 catalysts, in which the improved catalytic activity 
was attributed to improved Ni dispersion and enhanced Ni-alumina interaction [25]. 
Treatment of Ni supported on alumina under plasma was also reported to favour formation of 
small size Ni crystals, which enhanced low-temperature activity and stability in dry 
reforming [26]. Although, plasma treated metal catalysts have been synthesized, but their 
supports were already thermally calcined prior to metal loading and the desired metal-support 
interface was not uniformly generated. 
      Herein, we present that supported nickel nanoparticles with strong metal-support 
interaction can be efficiently synthesized using only microwave plasma treatment. We have 
tried to synthesize non-aggregated ceria nanoparticles whose surface is covered with nickel 
particles in the nanoscale. To the best of our knowledge, no such material has been 
synthesized under plasma conditions for normal uncalcined metal oxide. Although the 
conventional thermal treatment, including thermal calcination is generally used, the present 
study will show that better dispersion, desired metal-support interaction as well as desired 
morphologies of nickel particles can be obtained using microwave plasma. In the second part 
of the paper, the plasma treated catalysts were then subjected to CO2 reforming of methane to 
observe the effect of the metal-support interaction on activity and stability of the reaction. 
Hydrogen chemisorption is used to report the TOF by normalizing the rates to the amount of 
surface Ni. In the present contribution, we expand the scope of preparing metal catalysts, by 
treating both the support and the loaded metal with only microwave plasma, excluding the 
conventional method of thermally calcining the support prior to metal loading. 
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5.2   Experimental methods 
5.2.1   Catalyst preparation 
      60 mL of NaOH solution (9.17 mol/L) was added to cerium (III) nitrate (Ce(NO3)3.6H2O 
solution, Sigma Aldrich) solution (0.46 mol/L) dropwise under continuous stirring for 60 min 
with the formation of a milky slurry. The slurry was transferred into a 100 mL Teflon-lined 
steel autoclave and heated in an electric oven for 72 h at 100°C. The precipitates were 
filtered, washed with deionized water and left to dry in an oven overnight at 100°C. After 
being dried in air overnight, they were divided into two parts. One part was calcined under air 
at 500°C for 5 h, with a heating ramp of 5°C min
-1
, while the other was left uncalcined for 
treatment under plasma condition. For the samples prepared using the conventional method, 
the supported nickel catalysts were prepared by wet impregnation using the calcined support 
and an aqueous solution of nickel nitrate of the appropriate concentration to obtain samples 
with 5 and 10 wt% nickel content. After impregnation, the sample was dried at 100°C and 
calcined in air for 2 h at 400°C.  
5.2.2   Microwave plasma treatment of catalysts 
      An aqueous solution of nickel nitrate was impregnated onto the uncalcined cerium oxide 
nanoparticles prepared above to obtain samples with 5 and 10 wt% nickel content. Thereafter, 
the samples were dried in air overnight at 100°C. The obtained samples were then treated 
using microwave plasma for 30 and 60 min at selected plasma power of 150, 180, 200 and 
250 W. In a general procedure, the plasma treatment was performed in a microwave plasma 
reactor, which includes a reaction chamber and a SAIREM industrial microwave generator. 
The output power could be changed continuously from 0 to 2000 W at a fixed frequency of 
2.45 GHz. The walls of the microwave plasma reactor are made of microwave transparent 
material such that the gases in the reaction chamber can be irradiated by microwave energy to 
form the plasma and radicals in a plasma zone. For performing the plasma treatment, the 
reactor and the holder for the catalyst must be made of a microwave transparent material able 
to withstand high temperatures. One suitable material for the reactor and the holder comprises 
quartz. The microwave plasma reactor also includes an infrared temperature sensor, 
configured to measure the temperature of the catalyst. The plasma reactor is connected to a 
vacuum system with typical base pressure of ~10
-2 
Torr maintain by a rotary vacuum pump. 
Prior to treatment, the plasma reactor was pumped down for about 1 h or more. Once the 
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pressure was stable, the microwave generator was raised to the required microwave power 
(150, 180, 200 and 250 W) and maintained within the plasma zone for the required exposure 
time. After the required duration, the plasma treated samples were allowed to cool down 
naturally to room temperature within plasma reactor. This preparation is essentially different 
to any plasma-treated sample that has been previously reported, in that we described here a 
much straightforward than usual (e.g. in the work of Wei [27], the support was already 
thermally calcined, sample exposed to glow-discharge nitrogen plasma for 45 min and then to 
hydrogen plasma for another 45min) procedure for obtaining supported metal catalysts using 
only plasma treatment. A detailed description of the microwave plasma apparatus applied in 
treating the samples can be found in Zhu et al. [28] In this section, samples treated using the 
conventional method are designated as 5Ni-sp/C and 10Ni-sp/C for the 5 and 10 wt% Ni 
loading, respectively, while those treated with microwave plasma are designated as 5Ni/P-
150, 5Ni/P-180, 5Ni/P-200, 5Ni/P-250 and 10Ni/P-250 for plasma power of 150, 180, 200, 
250 and 250 W, respectively. 
5.2.3   Characterization of catalysts 
      Phase purity of the catalysts was determined by X-ray diffraction (XRD) in a Bruker 
Advanced X-ray diffraction (40 kV, 30 mA) with Cu Kα (0.15406 nm) radiation at a 
scanning rate of 2° min
-1
 from 10–90°. Samples for transmission electron microscopy (TEM) 
were ultrasonically dispersed in ethanol and transferred to carbon-coated copper grids. TEM 
observations were conducted using a JEOL 1010 electron microscope, while the high 
resolution transmission electron microscopy (HRTEM) were recorded on a JEOL 2100 
microscope operated at 200 kV. The instrument was also fitted with a system for energy-
dispersive X-ray (X-EDS) analysis. STEM image was carried out by means of Z-contrast 
imaging, generated by high-angle annular dark field (HAADF) scanning transmission 
electron microscopy. Bright field imaging and the high-angle annular dark-field scanning 
transmission electron microscopy (HAADF-STEM) were both used to investigate the 
positioning of the Ni particles on the ceria support. 
      Raman spectra were collected with a Renishaw inVia Raman spectrometer equipped with 
a Leica DMLM microscope and a 514-nm Ar
+
 ion laser as an excitation source. A x50 
objective of 8 mm optical length was used to focus the depolarized laser beam on spot of 
about 3 µm in diameter, and using a laser power at the sample of 2.0 mW. The Raman 
scattering was collected with a CCD array detector and in the 100–700 cm-1 spectral region 
with a resolution of 2 cm
-1
. Each reported spectrum is the average of 20 scans with an 
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exposure time each of 10 s.  Carbon formation was quantitatively analyzed on a Perkin Elmer 
STA 6000 thermal analyzer under air atmosphere in addition to Fourier transform infrared 
spectroscopy (Perkin Elmer Spectrum 100). The carbon formation was also analyzed using 
Laser-Raman spectra, recorded in the range of 1000–2000 cm-1 using a laser excitation 
wavelength of 514-nm. 
      X-ray photoelectron spectroscopy (XPS) were acquired on a Kratos Axis ULTRA X-ray 
photoelectron spectrometer incorporating a 165 mm hemispherical electron energy analyser 
and a monochromatic Al Kα (1486.6 eV) radiation at 150 W (15 kV, 10 mA). Survey (wide 
scans were taken at an analyser pass energy of 160eV and multiplex (narrow) high resolution 
scans at 20 eV. Base pressure in the analysis chamber was 1.0 x 10
-9
 Torr and during sample 
analysis 1.0 x 10
-8
 Torr. The binding energies were determined using the C1s line at 284.8 eV 
from adventitious carbon as a reference. Recorded spectra were fitted using Gaussian-
Lorentzian curves in order to determine the binding energies of the different element core 
levels more accurately. The bulk phase changes within the materials were monitored using a 
thermogravimetric analysis (TGA) (Perkin Elmer STA 6000 thermal analyzer) in addition to 
Fourier transform infrared spectroscopy (FTIR) (Perkin Elmer Spectrum 100).  
      The nickel surface area was measured by H2 chemisorption on a BEL JAPAN instrument. 
Samples were first dried under Ar atmosphere at 500°C of 1 h and reduced in-situ under 30 
ml min
-1
 flow of H2 at 500°C for 2 h using a heating rate of 5°C/min. The samples were 
evacuated at this temperature for 2 h, and then cooled down to 40 
0
C for the chemisorption 
measurement. An adsorption stoichiometry of one hydrogen adsorbed per surface Ni atom 
was assumed. Surface area calculations were carried out using the BET method [29], while 
pore size distribution was estimated from the desorption branch of the isotherms using the 
BJH method [30]. Adsorption isotherms were measured in a Tristar II 3020 at -196°C. H2-
temperature programmed reduction (H2-TPR) measurements were obtained using a catalyst 
analyzer BELCAT instrument. Inside the TPR quartz tube, 50mg of the prepared sample was 
sandwiched between two layers of glass wool with a thermocouple placed in contact with the 
sample. The sample placed at the bottom of a U-shaped quartz tube was investigated by 
heating the samples (50 mg) in H2 (5 vol.%)/Ar flow (30 ml min
-1
) at a heating rate of 
10°Cmin
-1
 from 50 to 750°C. The hydrogen consumption was monitored by a thermo-
conductivity detector (TCD).  
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5.2.4   Catalytic activity tests 
      The catalytic activity measurements were carried out under atmospheric pressure in a 
continuous down flow quartz fixed-bed reactor with inner diameter of 7 mm. All samples 
were pelletized, ground and sieved to obtained grain size between 0.13 and 0.25 mm. 
Typically, 50 mg of catalyst was loaded in the reactor using quartz wool. The samples were 
exposed to a feed with a constant CH4 to CO2 (50 %: 50 %) molar ratio of 1:1 and the space 
velocity of the total gas mixture fixed at 38400 mL (h.gcat)
-1
. 50 mg of catalyst was used to 
conduct the initial performance of the catalysts in the range of 450–700°C in steps of 50°C, 
using a step duration of 30 min. For the stability tests, the reaction temperature was kept 
constant at 700°C for 12 h time-on-stream (TOS) using a GHSV of 38400 mL (h.gcat)
-1
.  
Prior to each test, the samples were reduced in the reactor with H2 at 350°C for 45 min. The 
composition of the reaction products was analyzed using an on-line gas chromatograph 
equipped with a Porapak Q column and a thermal conductivity detector (TCD). During the 
course of investigation, a number of runs were repeated to check for reproducibility in the 
experimental results and typical errors were in the range of ±2%. In order to ensure the 
reaction is performed in the kinetically controlled regime, the external and internal diffusion 
influences were investigated (see Figure S5.1 in the Supporting Information). 
 
5.3   Results and conclusion 
5.3.1   X-ray diffraction studies and surface area measurements 
      The textural data of the thermally calcined samples and the plasma treated materials are 
presented in Table 5.1. The BET surface area and pore volume of the thermal calcined CeO2 
is 73 m
2
g
-1
 and 0.37 cm
3
g
-1
, respectively. However, with increasing plasma power, a 
reduction in the specific surface area and pore volume was observed over the plasma treated 
samples. The sample treated under a plasma power of 150 W, gave a slightly higher surface 
area (80 m
2
g
-1
) as compared with the thermally calcined supported nickel nanoparticles (5Ni-
sp/C and 10Ni-sp/C). The mean pore sizes of the plasma treated samples are in the range of 
12.9–27.6 nm, which show significant variations with different plasma power. The changes in 
the textural properties observed for the plasma treated samples and thermally calcined 
materials (5Ni-sp/C and 10Ni-sp/C), such as a decrease in the surface area and pore volume 
with an increase in the pore diameter, may be due to residual carbon elimination, since the 
presence of residual carbon may contribute to a high surface area. 
 
Chapter 5 Synthesis of supported nickel nanoparticles via a nonthermal plasma approach and 
its application in CO2 reforming methane 
81 
 
Table 5.1 Textural properties of the thermally calcined and plasma treated samples 
Sample S BET
a 
(m
2
g
-1
) Vp. (cm3g-1) Pore diameterb (nm) Ni dispersionC 
Cal. CeO2 73 0.37 15.4 - 
5Ni/P-150 80 0.32 12.9 - 
5Ni/P-180 44 0.26 18.2 - 
5Ni/P-200 19 0.19 26.1 - 
5Ni-sp/C 59 0.30 16.0 2.18 
5Ni/P-250 15 0.18 27.6 2.29 
10Ni-sp/C 37 0.17 18.3 0.76 
10Ni/P-250 8 0.06 27.5 1.11 
a
 BET specific surface area.
29 
b
 Average diameter estimated from the desorption branch of the nitrogen isotherms using the BJH 
method.
30
 
c 
Dispersion of Ni in % was measured by hydrogen chemisorption. 
 
      The powder X-ray diffraction patterns for the thermally calcined and plasma treated 
samples are shown in Figure 5.1. It can be observed that irrespective of the preparation 
method, the XRD patterns of all samples shows diffraction peaks at 2θ = 28.5, 33.1, 47.5, 
56.3, 59.1, 69.4, 76.7 and 79.1
0
, corresponding to (111), (200), (220), (311), (222), (400), 
(331), (420) and (422), which are characteristics of the cubic fluorite structured CeO2 
(JCPDS 34-0394). Also, very weak diffraction peaks observed over the catalysts at 2θ = 63, 
43.5 and 37.5
0
 as well as their relative intensities correspond well with the (220), (200) and 
(111) crystal planes of face-centered cubic NiO (JCPDS No. 04-0835). In addition, no NiO 
diffraction lines could be observed from the XRD measurements over 5Ni/P-150, suggesting 
that the nickel oxide is either amorphous or crystallites below the detect limitation of XRD. 
As can be seen in Figure 5.1, with the increase of plasma power, the intensity of the peaks 
corresponding to CeO2 phases increased, which means bigger crystallite size for the samples 
treated at higher plasma power. The absence of any other additional diffraction peaks 
suggests that the resulting product is composed of only nickel and cerium oxide. The mean 
diameter of ceria crystallites were determined by the peak broadening of the (111) reflection 
in the XRD patterns, following the Scherrer equation. A crystallite size of 11.5 nm and 14.5 
nm were noticed for the 5Ni-sp/C and 10Ni-sp/C, respectively, while the samples prepared by 
microwave plasma gave a crystallite size of 7.8 nm for 5Ni/P-150, 27.9 nm for 5Ni/P-180, 
29.9 nm for 5Ni/P-200, 32.2 nm for 5Ni/P-250 and 36.3 nm for 10Ni/P-250. It is noted that 
the crystallite sizes increased obviously as the plasma power increases, but the sample treated 
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at 150 W shows a lower crystallite size as compared with the samples synthesized by the 
conventional method.  
 
 
 
Figure 5.1 Wide-angle XRD patterns of supported nickel nanoparticles prepare by the 
conventional thermal calcination and the plasma treated samples. (a) 10Ni/P-250 (b) 10Ni-
sp/C (c) 5Ni/P-250 (d) 5Ni/P-200 (e) 5Ni/P-180 (f) 5Ni/P-150 (g) 5Ni-sp/C 
 
5.3.2   High-resolution TEM image analysis 
      The digital pictures of the supported nickel nanoparticles synthesized by both thermal 
calcination and plasma treatment were observed immediately after preparation (see Figure 
S5.2 in the Supporting Information). Under the present experimental conditions, it can be 
seen that a completely different colour of materials were obtained for the plasma treated 
samples and the materials prepared using the conventional method. The as-prepared plasma 
treated samples, treated under plasma power of 150 W (5Ni/P-150), 200 W (5Ni/P-200) and 
250 W (5Ni/P-250) exhibited colours of reddish-brown, light brown and grey, respectively, 
while sample 5Ni-sp/C showed a light brown colour. Sample 10Ni/P-250 with high nickel 
loading also showed a grey colour, while sample 10Ni-sp/C exhibited a dark-brown colour.   
The TEM image of the nickel supported on ceria synthesized using a plasma power of 150 W 
Chapter 5 Synthesis of supported nickel nanoparticles via a nonthermal plasma approach and 
its application in CO2 reforming methane 
83 
 
(5Ni/P-150) did not show any well-ordered support despite considerable effort at the 
microscope. It is suggested that this apparent abnormality is probably related to the presence 
of volatile and unstable anions and cations that have been previously introduced. Typical 
TEM images of nickel supported on ceria synthesized using the conventional method, 
showed that nickel particles were embedded within the CeO2 support (not shown here). The 
thermally calcined samples contain a broad range of nickel particle sizes between 3 and 30 
nm dispersed within the CeO2 support [31]. The TEM images reported for the samples 
synthesized using the conventional method are consistent with typical Ni impregnated on 
different support, synthesized by thermal calcination that has been reported by several 
researchers [32, 33]. Typical TEM micrographs representative of sample 5Ni/P-180 along 
with their corresponding fast Fourier transform (FFT) patterns characteristic of the observed 
particles are also reported (see Figure S5.3 in the Supporting Information). The samples were 
prepared by dipping a Cu micro grid into ultrasonically dispersed colloidal particles of the 
samples. For sample 5Ni/P-180, HRTEM images indicate the presence of CeO2 crystallites, 
exposing preferentially the crystal (110) plane with a d-spacing of ca. 0.19 nm, in addition to 
few (111) and (100) planes with 0.31 nm and 0.27 nm interplanar spacing’s, respectively (see 
Figure S5.3c–f in the Supporting Information). Analysis of the micrographs reveals that the 
particle size ranged from 22.4 to 59.5 nm (see Figure S5.3a in the Supporting Information). 
Well-resolved lattice spacing’s observed from the high-resolution TEM (HRTEM) images 
correspond to d-spacing value of 0.21 nm and 0.12 nm; consistent with the (200) and (222) 
planes of NiO phases, respectively (Figure S5.3c). The fast Fourier transform (FFT) spot 
patterns of the respective HRTEM images further confirm the single crystalline features. The 
HRTEM images revealed that the nickel nanoparticles were faintly attached to the surface of 
ceria support (see Figure S5.4 and S5.3c in the Supporting Information). 
      The surface morphology and structural properties of sample 5Ni/P-200 were examined by 
TEM and HRTEM techniques as shown in Figure 5.2. Increasing the plasma power to 200 W 
(5Ni/P-200), gave a stronger cohesion between the nickel particles and the ceria support 
(inset in Figure 5.2a). The HRTEM image of the catalyst prepared under plasma power of 
200 W for 30 min shows nickel nanoparticles of ~32 nm with spherical morphology attached 
to an exposed (110) plane of CeO2.  Lattice separation of 0.243 nm, 0.210 nm and 0.188 nm, 
corresponding to (111) and (200) planes of NiO and (110) plane of CeO2, respectively, is 
evident from the presented images. The ceria and nickel nanoparticles observed for sample 
Ni/P-200 were about 30–85 nm for the support and about 15–34 nm for the nickel particles. 
Prolonging the plasma power at 200 W for about 60 min revealed surprising metal-support 
Chapter 5 Synthesis of supported nickel nanoparticles via a nonthermal plasma approach and 
its application in CO2 reforming methane 
84 
 
interface of this particular synthesis route. Not only were the nickel nanoparticles supported 
on the ceria, but they also formed uniquely shaped particles (Figure 5.2b). Contrary to what is 
generally observed using the conventional method at high calcination temperature, where the 
nickel particles dispersed within the ceria support tends to agglomerate and form analogous 
spherical nanoparticles, an entirely different phenomenon was noticed using the microwave 
plasma. In sharp contrast to the conventional method, instead of the nickel particles diffusing 
into the ceria support under high plasma power (200 W), a slight reduction in there sizes were 
observed using plasma treatment. High-angle annular dark-field scanning transmission 
electron microscopy (HAADF-STEM) was used to acquire a detailed microscopic view of 
sample Ni/P-200 after reduction. Using this imaging technique, an aberration-corrected 
transmission electron microscope revealed the presence of nickel nanoparticles appearing 
with high contrast (bright dots) attached to the surface of the ceria support, due to the 
different Z-contrast of nickel with respect to the ceria support (Figure 5.2c). An implication 
of this result is that nickel particles were mostly present near the interfaces of the ceria 
support and not within the support.  
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Figure 5.2 STEM-HAADF image and representative HRTEM images of supported nickel 
nanoparticles prepared by plasma treatment. (a) 5Ni/P-200 for 30 min (b) 5Ni/P-200 for 1h (c) 
STEM-HAADF image of reduced 5Ni/P-200, where bright spots correspond to Ni particles  
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      The STEM-HAADF image was further supported by the HRTEM images of sample 
5Ni/P-200 viewed using a 0.5 nm electron probe equipped with an energy-dispersive X-ray 
Spectrometry (EDS) (see Figure S5.5 in the Supporting Information). The composition of 
point B was analyzed by EDS and was found to be Ni particle of ~19 nm in diameter, 
attached to a ceria support. Selected area electron diffraction pattern (SAED) from individual 
crystal (Spot B) was also obtained. The SAED ring pattern can be well indexed to NiO 
crystal (see Figure S5.5e). 
      TEM images of 5Ni/P-250 catalyst synthesized under plasma power of 250 W, for an 
exposure time of 30 min, showed remarkable differences as compared with samples treated 
with lower plasma power. Even treatment of the material at 250 W under plasma for 30 min 
did not produce noticeable variations in the nature of the support. The TEM micrograph of 
sample 5Ni/P-250 shows spherically shaped ceria with well-dispersed nickel nanoparticles 
(see Figure S5.6 in the Supporting Information). Ni particles could be observed on the surface 
of the ceria support, but could not be seen clearly due to the low resolution of the TEM 
image. Statistical analysis of these micrographs revealed that the ceria particle size ranged 
from 30 to 85 nm. HRTEM images reveal different morphologies of nickel particles when 
treated with a plasma power of 250 W (5Ni/P-250). Not only were the supported nickel 
nanoparticles smaller in size as compared to the samples treated with lower plasma power, 
but they were also well-dispersed on the surface of the ceria supports. TEM micrographs 
indicate that the 5Ni/P-250 catalyst contains mainly very small nickel particles of 1.5–4 nm 
size (see Figures S5.7 in the Supporting Information). Within the plasma environment, the 
energetic electron in plasma is known to be the controlling influence factor on the catalyst 
treatment [34], and the influence of plasma changes the reactivity of the surface and the 
interaction between the nickel and the support. The insets in Figure 5.3 shows the selected 
area electron diffraction (SAED) patterns and the fast Fourier transform (FFT) images of the 
active areas. The SAED patterns of spot F shown in Figure 5.3a, confirms the presence of 
some other crystals on the ceria support, which could not be seen clearly from the image. 
However, HRTEM image reveals the presence of nickel nanoparticles of ~2 nm, dispersed on 
an exposed (110) plane of ceria (Figure 5.3d). Furthermore, the HRTEM image for spot E, 
shows well-dispersed Ni particles of ~2 to 4 nm on an exposed (100) plane of ceria. 
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Figure 5.3 HRTEM images of the sample treated under plasma power of 250 W (5Ni/P-
250) (a to d).  The insets in (a) are the corresponding SAED patterns of spot J and F, while 
the inset in (c and d) are the corresponding fast Fourier transform (FFT) images. 
 
Spot J 
Spot F 
E 
F 
Spot J 
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      The histogram of the particle size distribution plot obtained from the TEM analysis shows 
average particle size of Ni of ~2.6 ± 0.3 nm (inset in Figure S5.7c). The composition of point 
J was analyzed with energy-dispersive X-ray Spectrometry (EDS). EDS analysis clearly 
indicated that the nanomaterial is composed of a Ni and CeO2.  Furthermore, HRTEM 
micrograph reveals Ni nanoparticles of ~7 nm neatly attached to a CeO2 with interplanar 
spacing of ~0.19 nm, corresponding to the (110) plane (see Figure S5.8 in the Supporting 
Information). Closer inspections of the TEM micrographs show nickel nanoparticles of about 
2 nm anchoring to the surface of a ceria support (see Figure S5.9). The nickel nanoparticles 
became even more visible from the inverse FFT reconstruction of the presented high 
resolution TEM image.  
      Figure 5.4, shows a 6 and 9 nm nickel nanoparticles neatly attached to an exposed well-
defined (110) plane of a ceria support. These nickel nanoparticles were also supported by 
their respective inverse FFT reconstruction (see Figure S5.9). The HRTEM images show 
well-defined interplanar spacing of the particles and enumerate the crystallinity of the as-
synthesized materials. The fast-Fourier Transform (FFT) pattern of the 9 nm nickel 
nanoparticles confirmed that the NiO was a single crystalline with a cubic phase (inset in 
Figure 5.4a). HRTEM image presented for Ni/P-250 in Figure 5.4b shows a well-resolved 
crystal lattice fringes which agree well with the d-spacing value of 0.24 nm and 0.31 nm for  
a (111) planes of both NiO (~7 nm) and CeO2, respectively. The FFT patterns in the inset 
confirm the cubic nature of the highly crystalline mixed oxide. Although some of the metal 
particles might have diffused into the support using these present conditions, however, most 
of the nickel nanoparticles were found to be attached to the surface of the ceria supports, as 
shown in the TEM micrographs.  
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Figure 5.4 Representative HRTEM images of supported nickel nanoparticles prepared by plasma 
treatment (a and b) 5Ni/P-250. The insets in (a and b) are the corresponding fast Fourier transform 
(FFT) images. 
      Furthermore, the HRTEM image (Figure 5.5a) suggested an intergrowth of the 
nanocrystals with very strong surface interactions between NiO (8 nm) with an exposed (200) 
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plane and a ceria support (110). This surface interface generated between nickel and ceria is 
of paramount importance, since the interface is known to influence the surface electronic 
properties and consequently the metal-support interaction [35]. Slightly larger nickel 
nanoparticle of about 12 nm was also observed for 5Ni/P-250 catalyst. This nickel particle 
was attached to an exposed (111) and (100) planes of two different ceria support. The 
presence of more than one ceria support overlapping in spot U of Figure 5.5b is also evident 
by the fast Fourier transform (FFT) image. By recording  a large amount of images from 
different areas on sample 5Ni/P-250 and identifying the lattice fringes and particle 
orientation, it was observed that the dominant lattice fringes for ceria support were the (111) 
and (110), while the NiO mostly displayed the (111) and (200) planes.  
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Figure 5.5  Representative HRTEM images of supported nickel nanoparticles prepared by plasma 
treatment (a and b) 5Ni/P-250. The insets in (a and b) are the corresponding fast Fourier transform 
(FFT) images. 
      HRTEM images of sample 10Ni/P-250 also confirm that most of the nickel nanoparticles 
were neatly attached on the surface of the ceria support and not within the support (see 
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Figures S5.10−12 in the supporting Information). The HRTEM images (Figure S5.12b, d) of 
sample 10Ni/P-250 nanomaterial show a NiO (111) and NiO (200) corresponding to a d-
spacing of 0.24 nm and 0.21 nm, respectively, attached to an exposed (111) plane of ceria. 
Nickel nanoparticles of about 9 nm and 13 nm with exposed (111) and (200) planes, 
respectively, can be found in the HRTEM images. Figure S5.12e also show a 10 nm Ni 
particles anchored to the surface of a ceria support, as confirm by the energy-dispersive X-ray 
Spectrometry (EDS). Scheme 5.1 summarizes the plasma treated samples generated by 
varying the plasma power and the exposure time. These particular materials synthesized are 
important since the role of the support may be limited to the stabilization of small particles 
with large amounts of low coordinated sites, or may help to stabilize or activate some of the 
reactants at the metal-support interface or on the support itself. It can be concluded that 
plasma treatment and thermal calcination produce different interfacial structures and different 
particle morphologies. It is difficult to generate the desired metal-support interaction using 
the conventional thermal calcination, although it is extensively used. On the other hand, the 
plasma treatment of both the uncalcined ceria support and the loaded metal precursor can 
generate the desired metal-support interface and optimize the shape of the metal particle. 
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Scheme 5.1 Schematic reprsentation of the plasma treated sample generated by varying the 
plasma power and the exposure time. 
 
5.3.3   Temperature-programmed reduction studies 
      In order to gain further understanding into these materials, the redox properties of the 
materials were characterized by H2-TPR experiment. The H2-TPR profiles of the thermally 
calcined and the plasma treated samples are displayed in Figure 5.6. The H2-TPR profiles of 
the plasma treated sample (5Ni/P-250) showed only one obvious reduction peak, while two 
reductions peaks were observed over sample 5Ni-sp/C, except the desorption peaks of H2 at 
around 150°C. The first reduction peak noticed over sample 5Ni-sp/C can be related to highly 
reducible surface ceria species [36]. It is important to note that the reduction of bulk CeO2 
does not occur in the interval of temperature studied, since it only occurs above 750°C [37]. 
The second peak observed over 5Ni-sp/C sample can be assign to the reduction of bulk NiO 
species, which have weak interaction with the support. The plasma treated sample (5Ni/P-
250) showed a reduction peak centered at about 404 to 610°C, which can be attributed to the 
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reduction of NiO species, which have strong interaction with the support [38]. For the 
10Ni/P-250 sample, two main reduction peaks and a shoulder are observed at around 388.5, 
434.9 and 464.6, respectively. The first main peak can be to assign to the reduction of bulk 
NiO species, which have weak interaction with the support. The second main peak and the 
shoulder can be attributed to the different location of Ni ions; which have strong interaction 
with the support. In the case of 10Ni-sp/C catalyst, only one main reduction peak is observed 
at around 388.5°C. This major peak is tentatively assigned to the reduction of NiO species 
which have both weak and strong interaction with the support. Over the 5Ni/P-180 sample, 
one main reduction peak and two shoulders are observed at around 311.5, 380.2 and 464.6°C, 
respectively. The first shoulder observed at 311.5°C can be ascribed to reduction of highly 
reducible surface ceria species. The main reduction peak can be attributed to the reduction of 
Ni
2+
 ions which have weak interaction with support, although the reduction of Ni
2+ 
which has 
strong interaction with the support cannot be excluded. This observation goes to support the 
HRTEM images of sample 5Ni/P-180, which shows that the nickel nanoparticles were faintly 
attached to the ceria support.  It is evident that the reduction temperature of both the weakly 
and strongly bonded NiO species observed over all catalysts shifted to lower temperatures as 
compared with nickel supported on other material [38]. This is understandable, since an 
electronic interaction exist between ceria and nickel. Ceria is rich in d-electrons and Ni has 
unfilled d orbits, so the unfilled d orbits of Ni atoms can accept d-electrons from cerium, 
resulting in increase in d-electron density of Ni atom [39]. This observation is also consistent 
with previous reported studies, in which a greater reduction of Ni species was observed after 
the addition of cerium [40]. It can be concluded that the higher reduction temperature of NiO 
on 5Ni/P-250 and 10Ni/P-250, indicates that the Ni nanoparticles may not just reside on the 
surface of CeO2, but that a strong interaction exist between them, which is consistent with the 
TEM analysis.  
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Figure 5.6    H2-TPR of the plasma treated sample and the thermally calcined sample (a) 5Ni-
sp/C (b)5Ni/P-180 (c) 10Ni-sp/C (d) 10Ni/P-250 (e) 5Ni/P-250. 
 
5.3.4    X-ray photoelectron spectroscopic studies 
      The elemental composition and valence states in the near surface region have been 
analyzed by XPS (see Figures S5.13 in the Supporting Information). The Ni2p3/2 spectrum 
was made complicated by the presence of a high binding energy satellite peak (861.7 eV) 
adjacent to the main peaks (855.0 eV), which can be attributed to multielectron excitation 
[41].
 
After considering these shake-up peaks, the Ni2p3/2 XPS peaks at the binding energies of 
853.4, 855.6 and 857.6 eV correspond to NiO, Ni(OH)2, and NiOOH, respectively [42]. 
However, only Ni(OH)2 and NiOOH were detected for the sample prepared under plasma 
power of 150 W. It is obvious that no metallic Ni
0
 was detected over all catalysts under study. 
This is easily understood since all samples are ex-situ and have been exposed to the 
atmosphere. However, it important to note that the Ni oxide detected over samples 5Ni/P-200 
and 5Ni/P-250 is almost double the amount detected over the thermally calcined sample 
(5Ni-sp/C). Nanostructured materials have been known to be thermally sensitive and thermal 
calcination is reported to ruin their original structure or surface states [17]. Since the 
diffusion of Ni nanoparticles into the ceria support is avoided or tremendously reduced when 
the material is treated under plasma, this phenomenon in turn provides higher metal coverage 
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on the support of the plasma treated samples (5Ni/P-200 and 5Ni/P-250), which accounts for 
the higher Ni oxide observed over this material as compared with the thermally calcined 
sample (5Ni-sp/C). Furthermore, the better nickel dispersion observed over the plasma 
treated samples, which result in the exposure of more active sites also justifies the larger 
fraction of Ni noticed over these materials. The XPS data and their assignments are 
summarized in Table 5.2. 
 
Table 5.2 XPS data and the possible chemical state for Ni for the unreduced samples 
Sample  XPS of Ni2p (B.E. in eV)  
 NiO Ni(OH)2 NiOOH 
Cal. CeO2 - - - 
5Ni-sp/C 853.4 (28.5%) 855.6 (28.2%) 857.6 (43.3%) 
5Ni/P-150 - 854.6 (66.8%) 857.7 (33.2%) 
5Ni/P-180 853.5 (8.6%) 855.3 (47.7%) 859.8 (43.7%) 
5Ni/P-200 853.9 (42.7%) 855.5 (17.8%) 856.6 (39.5%) 
5Ni/P-250 853.6 (44.9%) 855.4 (29.8%) 857.9 (25.3%) 
 
 
      To complete the study on the available nickel particles on the thermally calcined and the 
plasma treated samples using X-ray photoelectron spectroscopy, the reduced samples were 
also analyzed. Figure 5.7 presents the Ni(2p) spectra of the plasma treated and the thermally 
calcined samples after reduction. The Ni2p3/2 peaks could be deconvoluted into three peaks at 
852.7, 855.6 and 857.6 eV associated with the Ni
0
, Ni(OH)2 and NiOOH species, 
respectively. From the intensities of the deconvoluted XPS signal of Ni, it is obvious that the 
proportion of Ni
0
 on the surface of the plasma treated samples was quite high: 10Ni/P-250 
(18.9 %) > 5Ni/P-250 (12.9 %) > 10Ni-sp/C (11.4 %) > 5Ni-sp/C (8.1 %). These 
observations concur well with the HRTEM images presented for the plasma treated samples 
which show that most of the nickel nanoparticles are attached to the surface of the ceria 
support and not within the support.  
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Figure 5.7  Ni2p X-ray photoelectron spectra of reduced thermally calcined and the plasma 
treated samples (a) 10Ni/P-250 (b) 10Ni-sp/C (c) 5Ni/P-250 (d) 5Ni-sp/C 
 
5.3.5   Raman spectroscopy, FTIR and thermogravimetric analysis 
      Raman spectroscopy was used to characterize the substitution of Ni
2+
 into the CeO lattice 
(Figure 5.8). It is well established that the first-order Raman band near 464 cm
-1
 in CeO2-x 
nanoparticles, which is assigned to the vibrational mode of the F2g symmetry in a cubic 
fluorite lattice, shifts to higher energies, and the line shape of this feature gets narrower as the 
particle size gets bigger [43]. Consistently, we noticed this behaviour when we compared the 
Raman spectra characterizing the thermally calcined (441.8 and 441.3 cm
-1
) and the plasma 
treated samples (457.8, 457.2, 454.1 and 450.5 cm
-1
), which is in agreement with the XRD 
measurements. This absorption peak associated with CeO2 was observed at slightly lower 
frequencies over all catalysts, suggesting the substitution of Ni
2+
 into the CeO lattice [44]. In 
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addition to the first-order band, series of second-order bands were observed at 586, 228 and 
153 cm
-1
 over both the thermally calcined samples and the plasma treated materials. 
According to previous detailed analysis of Raman spectra of ceria and doped-ceria samples 
[45], the asymmetry of the main band and the appearance of other weak bands are caused by 
the presence of oxygen vacancies defects and lattice strain of CeO2. With increasing plasma 
power from 150 to 250 W, the band at ~450.5 cm
-1
 shifted to ~457.2 and ~457.8 cm
-1
 for 
sample 5Ni/P-250 and 10Ni/P-250, respectively. This could be due to better crystallization of 
ceria at higher plasma power as observed from the XRD measurements. The weak band 
observed around 586 cm
-1
 over all samples corresponds to a non-degenerate longitudinal 
optical mode of CeO2 [46]. In particular, this band has been linked to oxygen vacancies in the 
CeO2 lattice. 
 
Figure 5.8  Raman spectra of the plasma treated samples and the thermally calcined 
catalysts (a) 10Ni-sp/C (b) 10Ni/P-250 (c) 5Ni/P-180 (d) 5Ni/P-150 (e) 5Ni/P-250 (f) 5Ni-
sp/C 
      A clear advantage of the work reported herein is that the TG measurements confirm the 
complete removal of volatiles and unstable anions and cations at relatively low plasma 
power. The thermal stability of the materials varied depending on preparation method. The 
loss of water and organics is detected by the TG; as presented in the representative profile 
(see Figure S5.14 in the Supporting Information). A weight loss ranging from 0.5 to 16 % is 
calculated from TG measurements in the range 50–800°C for all samples studied. As 
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expected, the uncalcined support impregnated with nickel nitrate exhibited the maximum 
weight loss (~16 %) among all samples studied. The TG measurement of the sample treated 
under a plasma power of 150 W justifies the inability to see a clear image under the 
transmission electron microscopy (TEM). Samples treated under plasma power of 180, 200 
and 250 W showed no obvious loss in weight indicating that the nickel precursor has been 
previously decomposed by the plasma treatment. 
      The FT-IR spectra of the obtained supported nickel nanoparticles were also presented (see 
Figure S5.15 in the Supporting Information). Three strong absorption peaks were observed at 
3401, 1590 and 1346 cm
-1
. The former can be attributed to the stretching band of hydroxyl 
group, while the others can be assigned to the antisymmetric and symmetric stretching band 
of the carboxy group, respectively [47]. The IR spectra recorded for the as-synthesized 
materials show large broad features assigned to hydrocarbon-related features. After plasma 
treatment at 150 and 180 W, there is a dramatic decrease in the intensity of these features so 
that only water adsorption or related absorption (-OH features at 3401 cm
-1
) and carbonate 
(adsorbed bidentate carbonate signals at 1590 and 1346 cm
-1
) features are observed. Series of 
other strong bands are located around 1000–1040 cm-1 over all samples under study. They are 
most probably associated to the formation of carbonate-like species on the ceria surface, 
which decompose after treatment at high temperatures [3].
 
5.3.6   Catalytic activities of the plasma treated and the thermally calcined samples in 
dry reforming 
In order to gain insight into the intrinsic activities of the plasma treated samples and the 
thermally calcined materials, the turnover frequency (TOF, 700°C) normalized by the number 
of surface Ni atoms were compared (Figure 5.9). Figure 5.9 shows the TOF of CH4 calculated 
on the basis of exposed metallic Ni atoms. Samples Ni/P-250 gave a TOF of 9.5 s
-1
 at 700°C, 
exhibiting superior performance than Ni/C (8.7 s
-1
, 700°C) prepared by thermal calcination. 
By normalizing the rate by Ni surface area measured by H2 chemisorption, the turnover 
frequency (TOF, 700°C) of 10.4 s
-1 
was observed on the plasma treated catalysts (10Ni/P-
250) with high Ni loadings, as compared with the 11.5 s-
1 
obtained on 10Ni-sp/C catalyst. 
Over all catalysts under study, the highest TOF (11.5 s
-1
) was obtained on 10Ni/C catalyst, 
prepared by thermal calcination. This value, however, is the result of normalizing the rate by 
a (3 times) lower Ni dispersion as the value measured on 5Ni/P-250 catalyst, prepared by 
plasma treatment. The CH4 turnover were fairly stable with time on the plasma treated 
samples (5Ni/P-250 and 10Ni/P-250) during the first 2 h, while a sharp decline was observed 
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over the sample 5Ni-sp/C and 10Ni-sp/C. This observation indicates that the Ni on the 
thermally calcined CeO2 appeared to grow or become covered with unreactive species. 
Severe activity loss is known to occur during the first 5 h in reforming of methane by carbon 
dioxide on different supported Ni catalysts [48]. A slight drop in the TOF of CH4 (9.5 to 7.8 
s
-1
) was observed on 5Ni/P-250 catalyst, while a significant deactivation occurred over Ni/C 
catalyst (8.7 to 3.3 s
-1
) during the first 5 h. Similarly, 10Ni-sp/C catalyst showed a significant 
drop in CH4 TOF from 11.5 to 4.2 s
-1
, while 10Ni/P-250 remained stable during the first 5 h. 
Similar drop in CH4 turnover rate with time-on-stream was reported by Yamaguchi and 
Iglesia [49] on a Pd/Al2O3 catalyst during reforming of methane. These results indicate that 
both plasma treated catalysts (10Ni/P-250 and 5Ni/P-250) are effective and stable catalysts 
than the thermally calcined samples.  
 
Figure 5.9   Methane TOF as function of time on stream on (○) 10Ni/P-250, (●) 
5Ni/P-250, (□) 10Ni-sp/C and (■) 5Ni-sp/C (Gas composition of 50% CH4 and 50% 
CO2, 700
0
C and 1 atm) 
      The TOF of CH4 of the different catalysts under study is plotted as a function of 
temperature (see Figure S5.16 in the Supporting Information). While 10Ni/P-250 (1.1 s
-1
) 
increased the turnover frequency at 450°C by a factor of two relative to 10Ni-sp/C catalyst 
(0.5 s
-1
), sample 5Ni/P-250 showed comparable TOF with 5Ni-sp/C catalyst. At 500°C, the 
plasma treated samples and the thermally calcined catalysts (10Ni-sp/C and Ni-sp/C) showed 
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comparable activities, with the highest TOF of 2.6 s
-1
 observed over 10Ni/P-250. Above 
650°C, the TOF increased significantly on the plasma treated samples (10Ni/P-250 and 
5Ni/P-250), with the highest TOF of about 7.9 s
-1
 observed over 10Ni-sp/C catalyst at 650°C. 
This high TOF value noticed over 10Ni-sp/C is due to the result of normalizing the rate by a 
lower Ni dispersion as compared with the values measured on the rest of the catalysts. To 
maintain consistency, we compared our TOF values obtained on the plasma treated and the 
thermally calcined catalysts with the other values in literature using the same gas 
composition. The TOF at 700°C on our plasma treated catalysts (10Ni/P-250 and 5Ni/P-250) 
was two times more than the TOF of 4.09 s
-1
 on 10%Ni/La2O3/5A catalyst reported by Luo et 
al. [50]. Similarly, the TOF on 10Ni/P-250 and 5Ni/P-250 catalysts were two times more than 
the TOF (4.2 s
-1
, 750°C) reported by Takanabe et al. [51] on a Co-Ni/TiO2 catalyst. The TOF 
at 700°C (10.4 s
-1
) for 10Ni/P-250 is comparable to the 11.4 s
-1
 reported by Hou et al. [52] on 
5%Ni/SiO2 catalyst. Furthermore, the plasma treated 10Ni/P-250 catalyst gave a TOF of 9.2 
s
-1
 at 700°C, exhibiting significantly higher catalytic activity than Ni/TiO2 (2.7 s
-1
, 800°C) 
reported by Seo et al. [53].
 
      The long-term stability evaluation of the plasma treated samples and the thermally 
calcined materials were conducted at 700°C, aiming to examine the effect of the synthesis 
route on the catalytic stability (Figure 5.10).  The long-term stability of the plasma treated 
samples is remarkable and considerably higher than the thermally calcined samples and other 
cerium based catalysts with high nickel content [54, 55]. 5Ni-sp/C and 10Ni-sp/C catalysts 
present low methane and CO2 conversions in comparison with the plasma treated samples 
(5Ni/P-250 and 10Ni/P-250). In the case of methane and CO2 conversions over 5Ni-sp/C and 
5Ni/P-250 samples, the 5Ni-sp/C showed a sharp decline for the first 5 h, while a stable 
conversion was observed over sample 5Ni/P-250. Similarly, sample 10Ni-sp/C showed a 
sharp decline for the first 4 h, however, stability was achieved after about 5 h. On the 
contrary, the plasma treated samples (5Ni/P-250 and 10Ni/P-250) show enhanced catalytic 
stability, regardless of the amount of Ni introduced. Related precedents on the Ni/CeO2 
catalysts synthesized using the conventional method have been known to exhibit high initial 
CH4 and CO2 conversions, but suffers deactivation over time [56]. CO2 conversions over all 
samples were higher than that of methane due to the contribution of reversed water-gas shift 
reaction. The exceptional long-term stability observed over the plasma treated samples can be 
attributed to the strong metal-support interaction between Ni species and the ceria support, 
thereby preventing the sintering of Ni species which are responsible for carbon formation 
during dry reforming of methane. Since CH4 decomposition is generally activated on metallic 
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surfaces, a possible explanation for the rise in CH4 conversion over sample Ni/C between 5 
and 8 h might be due to the exposure of CH4 to the Ni metals which were inaccessible at the 
initial stage of the reaction or the presence of fully reduced nickel at this stage of the reaction. 
Consequently, the presence of more hydrogen probably led to an increase in reversed water-
gas shift reaction, leading to a simultaneous increase in the conversion of CO2. Furthermore, 
the sudden increase in conversions observed over sample 5Ni-sp/C between 5 and 8 h 
reaction time, can also be as a result of formation of new active sites when the material was 
exposed to reaction mixture that contained the reducing gases H2 and CO [57, 58]. However, 
due to the weak metal-support interaction exhibited by this thermally calcined material (5Ni-
sp/C), the deactivation of the sample still eventually occurred after a particular period of time. 
The unprecedented stability of 5Ni/P-250 and 10Ni/P-250 is not surprising, since Ni catalysts 
have been reported to strongly depend on the particle size and the operating space velocity 
[52].
 
Meanwhile, according to coke formation mechanism [59], coke is easily formed on the 
surface of large sized Ni particles. Therefore, the smaller supported Ni nanoparticles 
observed over the plasma treated samples; also reduces carbon deposition.  
 
 
Figure 5.10    Stability test over the plasma treated and the thermally calcined catalysts at 700 
0
C for 
12 h (Reaction conditions: GHSV = 38400 ml/ (h. gcat), CO2/CH4 = 1:1, T = 700 
0
C, P = 1 atm) 
 
(b) 
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5.3.7   Analysis of catalyst deactivation 
      The coke formation during dry reforming of methane can lead to deactivation of catalysts, 
resulting in low stability and activity. In contrast to steam reforming, CO2 reforming of 
methane is more prone to form carbon deposition due to absence of water and the low H/C 
ratio in feed. Generally, two main pathways leading to carbon deposition have been 
proposed: methane decomposition (CH4 → C + 2H2) and CO disproportionation (2CO → C + 
CO2), also known as the Boudouard reaction. Deactivation of supported catalysts by carbon 
formation is one of the serious obstacles for the practical application of this process.
 
In order 
to gain further insights into the factors affecting the deactivation of the plasma treated 
samples and the thermally calcined material, the spent catalysts after 12 h time-on-stream at 
700°C were characterized by Raman, XRD and TEM. 
      Raman spectroscopy is a great technique to characterize the structure and the 
compositions of carbonaceous species over spent catalysts. The spent catalysts were analyzed 
using Raman spectroscopy after 12 h time-on-stream (see Figure S5.17 in the Supporting 
Information).  The recorded Raman spectra of the spent catalysts show two major bands at 
around 1343 cm
-1
 (D band) and 1572 cm
-1
 (G band), being the intensity of the G band 
stronger than that of the D band over the plasma treated samples (5Ni/P-250 and 10Ni/P-
250), while comparable D and G bands were observed over thermally calcined samples (5Ni-
sp/C and 10Ni-sp/C). The D band, also known as the disorder-induced band, is mainly due to 
structural imperfections, which exist in defective, polycrystalline graphite and other 
carbonaceous materials [60]; whereas the G band is attributed to graphitic carbon which 
arises from the in plane C-C stretching vibrations of pairs of sp
2
 carbons. The ratio of D and 
G band intensities (ID/IG) is known to correlate with the in-plane crystal domain size and has 
been used to estimate the degree of disorder in the graphitic carbon or, conversely, the extent 
of edge plane graphite [61].
 
A ID/IG ratio near zero indicates high crystallinity (order) and a 
ratio near to or greater than one demonstrates high disorder due to abundant defects in the 
graphitic structure.  The ratios of the intensities of the D and G bands (ID/IG) were 0.48, 0.53, 
1.06 and 1.24 for 5Ni/P-250, 10Ni/P-250, 5Ni-sp/C and 10Ni-sp/C, respectively, suggesting 
that the carbonaceous species on the thermally calcined materials is highly disordered and 
that significant edge plane sites are present. The low intensity of the Raman spectra observed 
for 5Ni-sp/C and 10Ni-sp/C might also suggest low carbon nanotubes content in the 
carbonaceous materials. Precedents in the literature have shown that the presence of more 
graphitic carbon rather than disordered carbonaceous species over the spent catalysts do not 
lead to the deactivation of the catalyst [62]. 
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      XRD profiles of the spent catalysts after 12 h time-on-stream were also analyzed (see 
Figure S5.18 in the Supporting Information). The crystal structure and crystalline phases of 
the spent materials are different as compared with the fresh catalysts. For all samples, the 
diffraction peaks of Ni metal were detected. Graphitic carbon can be detected for both 
10Ni/P-250 and 5Ni/P-250, which is in agreement with the Raman results. 10Ni-sp/C and 
5Ni-sp/C samples gave a much lower graphitic carbon, which is in line with the low activity 
of these samples. The stronger and sharper diffraction line of the thermally calcined samples 
(5Ni-sp/C and 10Ni-sp/C) corresponding to CeO2 phases, suggests that the sintering of the 
support occurred to a great extent over the thermally calcined samples. On the contrary, little 
sintering of the support of the plasma treated samples were observed, confirming the 
stabilization of the CeO2 support obtained by adopting this synthesis route.  
      The TEM images of the spent catalysts are shown in Figure S5.19 in the Supporting 
Information. Carbon nano-fibers and multi-walled carbon nanotubes can be detected on the 
spent catalysts, in agreement with the XRD and Raman results. Over the spent plasma treated 
samples, most of the Ni particles are between 5 and 10 nm in diameter along with few larger 
particles of about 10–25 nm. The support of samples 5Ni-P-250 and 10Ni-P/250 were also 
still kept intact even after the sample has been used in CH4 reforming with CO2 for 12 h. The 
presence of these small Ni nanoparticles located on the surface of the ceria support validates 
the strong metal-support interaction generated by this synthesis route. The few large Ni 
nanoparticles observed over the plasma treated samples were located at the middle or at the 
top of carbon fibers, probably due to the detachment and migration of Ni clusters from the 
support. On the other hand, the thermally calcined samples showed a high degree of 
agglomeration and significant amount of Ni particles larger than 60 nm, indicating that higher 
metal sintering occurs during the catalytic reaction.  
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5.4   Conclusions 
In summary, the data reported here demonstrate a correlation between the performance of 
nickel supported on ceria and a strong metal-support generated by plasma treatment. It is 
possible to synthesize well-dispersed supported nickel nanoparticles, with the desired metal-
support interface by using only microwave plasma treatment and excluding the conventional 
thermal calcination. Interestingly, the formed supported nanoparticle depends strongly on the 
plasma power and exposure time, leading always to ceria support with different morphologies 
of nickel particles. HRTEM images confirmed the generation of clean metal-support interface 
for 5Ni/P-180, 5Ni/P-200, 5Ni/P-250 and 10Ni/P-250. On Ni/CeO2 catalysts with low Ni 
loading, an enhanced turnover frequency (700°C, 50% CH4 and 50% CO2 and 1 atm) of 9.5 s
-
1
 was observed on the plasma treated catalyst, whereas the Ni/CeO2 catalyst prepared by 
thermally calcination gave a TOF of 8.7 s
-1
. Increasing the Ni loading on the Ni/CeO2 
catalysts, led to a an increase in the TOF (10.4 s
-1
) of the plasma treated catalyst which was 
stable with time, while a significant drop in TOF value was observed on the thermally 
calcined catalyst from 11.5 to 4.2 s
-1
, during a 5 h time on stream. This high stability 
observed on the plasma treated catalysts can be attributed to the generation of strong metal-
support interaction and formation of well-dispersed Ni particles. Due to the strong metal-
support interaction, formation of coke and/or sintering of the metallic and support phases are 
greatly reduced during the reforming of methane. On the contrary, the low and unstable 
turnover frequency observed on the thermally calcined catalysts (5Ni-sp/C and 10Ni-sp/C) is 
probably caused by the weak metal-support interaction, agglomeration of Ni clusters together 
with the migration of the Ni particles into the ceria support, hindering the accessibility of 
active nickel sites. 
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Supplementary Information 
Study on the external and internal diffusion 
      The influence of external diffusion was studied by evaluating the CH4 conversion under 
varing reaction gas flow rates. Two different weights of 5Ni/P-250 catalyst,  (50 mg and 75 
mg) were loaded for testing the exteranl control regime. The results in Fig. S5.1 shows that in 
these two cases, W/F-CH4 conversion share the same line, which means that the external 
diffusion is negligible under the studied W/F range. 
 
Figure S5.1   CH4 conversions at 550 
0
C for dry reforming of methane with different 
catalyst/feed ratio (W/F) (75 mg (○), 50 mg (□)) over 5Ni/P-250 (Catalyst size: 0.13–0.25 
mm, gas composition: 50% CH4, 50% CO2) 
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Figure S5.2 Digital pictures of the supported nickel nanoparticles prepare by the conventional 
thermal calcination and the plasma treated samples. (a) 5Ni/P-150 (b) 5Ni/P-200 (c) 5Ni/P-250 (d) 
5Ni-sp/C (e) 10Ni/P-250 (f) 10Ni-sp/C 
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Figure S5.3 Representative HRTEM images of supported nickel nanoparticles prepared by plasma 
treatment (a - f) 5Ni/P-180. The insets in (c), (e) and (f) are the corresponding fast Fourier transform 
(FFT) images. 
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Figure S5.4 Representative HRTEM images of sample 5Ni/P-180 prepared by plasma treatment 
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Figure S5.5 Representative HRTEM images of supported nickel nanoparticles prepared by plasma 
treatment viewed using a nano-probe; 5Ni/P-200 for 1 h (a and b), energy-dispersive X-ray Spectrometry (EDS) 
(0.5 nm probe size) (c and d) and SAED pattern of NiO (Spot B) in (a) (e). Cu peaks are not from the sample but 
attributed to the copper grid used to support the sample for TEM analysis. 
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Figure S5.6 Representative HRTEM images of sample 5Ni/P-250 prepared by plasma treatment 
 
 
Chapter 5 Synthesis of supported nickel nanoparticles via a nonthermal plasma approach and 
its application in CO2 reforming methane 
116 
 
 
Figure S5.7 Representative HRTEM images (a, c-d) with the corresponding energy-dispersive X-
ray Spectrometry (EDS) (b) of supported nickel nanoparticles prepared by plasma treatment (5Ni/P-
250). The inset in (c) is the particle size distribution plot of 5Ni/P-250 obtained from the HRTEM 
images. Cu peaks are not from the sample but attributed to the copper grid used to support the sample 
for TEM analysis. 
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Figure S5.8 Representative HRTEM images of sample 5Ni/P-250 prepared by plasma treatment 
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Figure S5.9 Representative HRTEM images of supported nickel nanoparticles prepared by plasma 
treatment 5Ni/P-250. TEM images and inverse fast Fourier transform (FFT) image (a) and inverse 
FFT (b and c). 
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Figure S5.10 Representative HRTEM images of sample 10Ni/P-250 prepared by plasma treatment 
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Figure S5.11 Representative HRTEM images of sample 10Ni/P-250 prepared by plasma 
treatment 
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Figure S5.12  Representative HRTEM images of supported nickel nanoparticles prepared by plasma 
treatment (a – e) 10Ni/P-250. The insets in (a - e) are the corresponding fast Fourier transform (FFT) 
images, while the inset in (e) is the Energy-dispersive X-ray Spectrometry (EDS). Cu peaks are not 
from the sample but attributed to the copper grid used to support the sample for TEM analysis. 
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Figure S5.13  Ni2p X-ray photoelectron spectra of unreduced thermally calcined and the plasma 
treated samples (a) 5Ni-sp/C (b) 5Ni/P-150 (c) 5Ni/P-180 (d) 5Ni/P-200 (e) 5Ni/P-250 
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Figure S5.14  TG curves (B) of the plasma treated samples and the as-synthesized 
Ni/CeO2. (a) 5Ni/P-250 (b) 5Ni/P-200 (c) 5Ni/P-180 (d) 5Ni/P-150 (e) Ni(NO3)2/C (f) 
Ni(NO3)2/Uncalcined CeO2 
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Figure S5.15 Representative FTIR spectra of as-synthesized materials and the plasma 
treated samples (a) 5Ni/P-180 (b) 5Ni-sp/C (c) 5Ni/P-150 (d) Uncalcined (Ni(NO3)2/Cal. 
CeO2) (e) Ni(NO3)2/Uncalcined CeO2 
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Figure S5.16   Methane TOF as function of temperature on (●) 10Ni/P-250, (○) 5Ni/P-
250, (■) 10Ni-sp/C and (□) 5Ni-sp/C (Gas composition of 50% CH4 and 50% CO2 and 
1 atm) 
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Figure S5.17     Raman spectra of carbon deposits over spent catalysts (A) 5Ni-sp/C and 
5Ni/P-250 (B) 10Ni-sp/C and 10Ni/P-250 after 12 h time-on-stream 
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Figure S5.18   XRD profiles of spent catalysts (10Ni/P-250, 5Ni-sp/C, 5Ni/P-250 and 
10Ni-sp/C) after 12 h time-on-stream. 
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Figure S5.19   Transmission electron microscopy (TEM) images of the plasma treated and the 
thermally calcined catalysts after being used for dry reforming of methane for 12 h, (a) 5Ni/P-250 (b) 
10Ni/P-250 (c) 5Ni-sp/C and (d) 10Ni-sp/C  
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Flower-like perovskite LaCr0.9Ni0.1O3–δ-NiO nanostructures: A new candidate for CO2 
reforming of methane 
Taiwo Odedairo, Wei Zhou, Jiuling Chen and Zhonghua Zhu* 
Abstract: We have developed a facile low-cost approach to the fabrication of large-scale 
flower-like perovskite-type oxides: orthorhombic LaCr0.9Ni0.1O3–δ nanowires. The nanowires 
(~76.2%) exhibited higher CO2 conversion than its conventional bulk counterpart (~40.1%) 
due to exposure of more active sites. The unique morphological structure of the nanowires 
enhanced the dispersion of Pd nanoparticles on its edges and surfaces, resulting in excellent 
performance and stability in CO2 reforming of methane. The Pd decorated LaCr0.9Ni0.1O3–δ 
nanowires exhibit an optimum CO2 and CH4 conversions of ~98.6% and ~75.4% at 800°C. 
The high turnover frequency (TOF) of CH4 (6.04 s
-1
) on 1 wt% Pd decorated LaCr0.9Ni0.1O3–δ 
might be attributed to high dispersion of Pd species on the nanowires. 
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6.1   Introduction 
Nanostructured metal oxides such as nanotubes, nanowires, nanofibers, and nanobelts are of 
great importance due to their fascinating and distinctive physical and chemical properties that 
are fundamentally different from the bulk or thin film materials. Among these nanostructure 
mixed metal oxides, perovskite-type oxides, which can accommodate multiple cationic 
substitutions at both the A and B sites, ABO3 (A = rare-earth, alkaline-earth metal and B = 
transition metal) are very attractive for various kinds of industrial applications such as (i) 
electronics: transistors, diodes and sensors [1−3], (ii) energy systems: solar cells, 
rechargeable batteries and electrochemical capacitors [4−6] and (iii) other areas: catalysis, 
membranes and biosensors [7−11]. Of all the perovskite-type series of LaBO3 (B = Cr, Mn, 
Fe, Co and Ni), only LaCrO3 shows particular promise for applications involving high 
temperatures, owing to its high stability [12], however, the pristine oxide are known to 
exhibit low catalytic activity [13, 14]. From our perspective, substitution on the B sites of 
one-dimensional (1D) perovskite-type oxides with more reducible transition metals (Co
3+
 and 
Ni
3+
) will further enhance the catalytic properties of these mixed oxides. 
      Mitigation of greenhouse gases, such as CO2 and CH4, are among the most vital 
challenges in the area of energy and environmental research.  CO2 reforming of methane to 
synthesis gas (syngas) has been proposed as one of the most promising technologies for 
utilization of these greenhouse gases [15]. Synthesis gas (syngas), a fuel gas mixture 
consisting of H2 and CO, can be produced by CO2 reforming of CH4 in presence of either a 
metal or a zeolite catalyst. The main drawback is the large thermodynamic potential for coke 
formation, due to the high operating temperatures (> 700°C) required for achieving 
industrially relevant conversions [16, 17]. It is well proven that the nature of support strongly 
affects the catalytic behaviour and carbon deposition in the reforming reaction [18, 19]. 
Perovskite-type nanostructure with good thermal stability is thus an ideal catalyst support for 
the production of syngas. Earlier works on LaCr1-xNixO3–δ were largely focused on the 
properties of films and bulk materials [20−22]; in contrast, there are no studies on 1D 
nanostructure LaCr1-xNixO3–δ perovskite-type oxides. This is largely due to the complexity in 
fabrication of multi-component oxides which result in loss of its unique morphology and 
possible loss of its dielectric and conducting properties. Presence of small amount of noble 
metals (Pd, Pt and Rh) on this material is also expected to further enhance its catalytic 
performance in CO2 reforming of methane [23−25]. Hypotheses made in this study include (i) 
by developing 1D perovskite-type nanostructure with unique morphological structure, 
improved catalytic performance is expected, and (ii) the morphological structure of the 1D 
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perovskite-type oxide might improve the dispersion of metal nanoparticles, leading to 
enhancement in the activity of the material. 
      In this study, we demonstrate a facile template-free urea-based co-precipitation route for 
the synthesis of perovskite-type oxide, LaCr0.9Ni0.1O3–δ (LCN), which is distinctly different 
from their conventional bulk or thin film counterparts. Our synthesis approach uses 
inexpensive raw materials for the fabrication of large-scale LCN nanowires, which has an 
obvious cost advantage. Successful control of the morphological structure of these wire-like 
LaCr1-xNixO3–δ perovskite-type nanostructures without the use of template has not been 
achieved before now. Besides the novel structural features, LCN nanowires exhibit excellent 
catalytic activity and stability in CO2 reforming of methane. The present work is expected to 
provide a new insight into the ease of fabricating 1D perovskite-type nanostructures, and thus 
facilitate their prospects for applications in wide range of scientific and technological fields. 
 
6.2   Experimental  
6.2.1   Materials 
      Metal precursors, including nickel nitrate (Ni(NO3)2·6H2O), lanthanum nitrate 
(La(NO3)3·6H2O), chromium nitrate (Cr(NO3)3·9H2O), Urea (NH2CONH2), sodium 
hydroxide (NaOH), palladium (II) nitrate dihydrate (Pd(NO3)2∙2H2O)  and poly (N-vinil-2-
pirrolidone) (PVP) were all purchased from Sigma Aldrich and used as received.  
Synthesis of LaCr0.9Ni0.1O3–δ (LCN) nanowires 
      LaCr0.9Ni0.1O3–δ (LCN) nanowires were synthesized by urea-based co-precipitation 
method. Stoichiometric amounts of La(NO3)3·6H2O and Cr(NO3)3·9H2O were dissolved in 
deionized water and stirred continuous at 60 °C for 5 h. This was followed by addition of 50 
mL of urea solution (0.75 mol L
-1
) under continuous stirring at 60 °C for another 3 h. 
Specified amount of Ni(NO3)2·6H2O was then added into the solution at 60 °C and stirred for 
another 5 h. The molar ratio of the total metal ions and urea was set at 1:3. 10 mL of NaOH 
solution (0.5 mol L
-1
) was then added to the above solution in drops at 120 °C and stirred 
continuously for another 2 h. The precipitates were filtered, washed with deionized water and 
absolute ethanol 3 times and left to dry overnight at 120 °C. The sample was then calcined in 
air at 850 °C for 5 h. 
 
Chapter 6 Flower-like perovskite LaCr0.9Ni0.1O3–δ-NiO nanostructures: a new candidate for 
CO2 reforming of methane 
133 
 
6.2.2   Synthesis of Pd-LaCr0.9Ni0.1O3–δ (Pd-LCN) nanowires 
      Colloidal dispersions of Pd nanoparticles were prepared by dispersing different amount of 
palladium (II) nitrate dihydrate (Pd(NO3)2∙2H2O) in ethanol and PVP (5 mg). Poly (N-vinil-2-
pirrolidone) (PVP) is used as the capping agent. Pd-LaCr0.9Ni0.1O3–δ (Pd-LCN) nanowires 
were prepared by sonicating 500 mg of LCN in ethanol for about 1 h, after which Pd colloidal 
dispersion was added to LCN solution and stirred for another 30 min. After impregnation, the 
sample was dried at 120°C and calcined in air at 350 °C for 3 h.  
6.2.3   Characterization of samples 
      Phase purity of the catalysts was determined by X-ray diffraction (XRD) in a Bruker 
Advanced X-ray diffractometer using nickel-filtered Cu Kα X-ray source radiation (λ = 
1.5405 Å) and operated at 40 kV and 40 mA under the following conditions: a scan speed 
2°/min and a measurement range 2θ = 10‒90º. Le Bail and Rietveld refinements on the XRD 
patterns were conducted using DIFFRAC
plus 
Topas 4.2 software. During refinements, general 
parameters, such as the scale factor, background parameters, and the zero point of the 
counter, were optimized. Since too many parameters are involved in the refinement, Le Bail 
refinement was used to determine the space group and lattice parameters, while Rietveld 
refinement was then conducted to determine the position of each atom in the lattice. 
      Samples for transmission electron microscopy (TEM) were sonically dispersed in ethanol 
and transferred to carbon-coated copper grids. TEM observations were conducted using a 
JEOL 1010 electron microscope. The high resolution transmission electron microscopy (HR-
TEM) was recorded on a JEOL 2100 microscope operated at 200 kV. The samples were 
prepared by dipping a carbon film-coated Cu micro grid into the suspension. The surface 
morphologies of the material were investigated by a field emission scanning electron 
microscope (FESEM, JEOL JSM 6300F) with an accelerating potential of 10.0 kV. 
      The palladium surface area was measured by CO chemisorption on a BEL JAPAN 
instrument. Samples were first dried under He atmosphere at 300°C of 1 h and reduced in-
situ under 30 mL min
-1
 flow of H2 at 200°C for 2 h using a heating rate of 5°
 
C/min. The 
samples were evacuated at this temperature for 2 h, and then cooled down to 40°C for the 
chemisorption measurement.  
      X-ray photoelectron spectroscopy (XPS) were acquired on a Kratos Axis ULTRA X-ray 
photoelectron spectrometer incorporating a 165 mm hemispherical electron energy analyser 
and a monochromatic Al Kα (1486.6 eV) radiation at 150W (15 kV, 10 mA). Survey (wide 
scans were taken at an analyser pass energy of 160 eV and multiplex (narrow) high resolution 
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scans at 20 eV. Base pressure in the analysis chamber was 1.0 x 10
-9
 Torr and it increased to 
1.0 x 10
-8
 Torr during sample analysis. The binding energies were determined using the C1s 
line at 284.6 eV from adventitious carbon as a reference. Recorded spectra were fitted using 
Gaussian-Lorentzian curves in order to determine the binding energies of the different 
element core levels more accurately.  
Catalytic activity tests 
      The catalytic activity measurements were carried out under atmospheric pressure in a 
continuous down flow quartz fixed-bed reactor. Typically, 100 mg of catalyst was loaded in 
the reactor using quartz wool. The samples were exposed to a feed with a constant CH4 to 
CO2 (50%:50%) molar ratio of 1:1 and the space velocity of the total gas mixture fixed at 
19200 mL (h. gcat)
-1
. 100 mg portion of catalyst was used to conduct the initial performance 
of the catalysts in the range of 600−800 °C in steps of 50 °C using step duration of 30 min. 
For the stability tests, the reaction temperature was kept constant at 750 °C for 12 h time-on-
stream (TOS) using a GHSV of 19200 mL (h. g of catalyst)
-1
.  Prior to each test, the samples 
were reduced in the reactor with H2 at 350 °C for 45 min. The composition of the reaction 
products was analyzed using an on-line gas chromatograph equipped with a Porapak Q 
column and a thermal conductivity detector (TCD). During the course of investigation, a 
number of runs were repeated to check for reproducibility in the experimental results and 
typical errors were in the range of ±2%.  
 
6.3   Results and discussion 
      Figure 6.1a–f shows field emission scanning electron microscope (FESEM) micrographs 
of LCN nanowires. Low magnification FESEM image demonstrates high yield of the 
nanowires (Figure 6.1a), with lengths in the range of 10–15 µm (Figure 6.1b). Figures 6.1c 
and d show a single LCN with a flower-like shape; having a common centre. Figure 6.1e 
clearly reveals the flower-like nature of LCN with more than 8 branches arranged in a 
pillared structure (Figure 6.1f). The role of urea in the formation of these nanowires was 
confirmed by repeating the synthesis approach in the absence of urea. The nanowires were 
not obtained in the absence of urea (Figure S6.1), revealing its vital role in the formation of 
wire-like structure. 
      To investigate the structural identification of the calcined LCN nanowires, XRD 
measurements were carried out in a 2θ range between 20° and 90°, as shown in Figure S6.2. 
Le Bail refinement carried out on the XRD pattern confirms the existence if Fm-3m (NiO), 
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Fd-3m (NiCr2O4) and the main orthorhombic phase Pbnm (LaCr0.9Ni0.1O3–δ). Table S6.1 
presents their structure parameters obtained by Le Bail refinements. As presented in Table 
S6.1, LCN nanowires consist of two major phases, since the amount of the third phase 
(NiCr2O4) is below 3.4%. Based on LaCr1-xNixO3–δ structural data, the observed patterns and 
the simulated patterns show high similarity, confirming the formation of crystalline 
LaCr0.9Ni0.1O3–δ nanowires. The refined lattice parameters of LaCr0.9Ni0.1O3–δ nanowires with 
space group Pbnm are a = 5.5185 (4) (Å), b = 5.4817 (3) (Å), and c = 7.7665 (1) (Å), which 
are similar to the published lattice parameters reported by Yang [26]. The refinements 
converge to reliability factors are χ2 = 1.32, Rp = 3.51 and Rwp = 4.47. The relatively low 
relaibailty factor values indicate good fitting. 
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Fig. 6.1    Low- and high-magnification FESEM micrographs of LaCr0.9Ni0.1O3–δ nanowires at different 
magnification 
(a) (b) 
(c) (d) 
(e) (f) 
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      The two major phases observed on LaCr0.9Ni0.1O3–δ (LCN) nanowires were also 
confirmed by high-resolution TEM (HRTEM) analysis. Figures 6.2 and 6.3 show HRTEM 
micrographs of LCN nanowires. Figure 6.2a shows the layered structure of LaCr0.9Ni0.1O3–δ, 
consistent with the FESEM micrographs. The layered structures (marked by arrows) were 
more evident in Figure 6.2b with different width ranging from 4–24 nm arranged in a layer-
by-layer structure. Figure 6.2c shows TEM micrograph of individual nanowires, while careful 
examination of the images reveals the crystallinity of the perovskite LaCr0.9Ni0.1O3–δ (Figures 
6.2d and e). HRTEM image presented in Figure 6.2e reveals an interplanar distances of 0.387 
nm between the lattice fringes, corresponding to (110) plane of LaCr0.9Ni0.1O3–δ, as confirmed 
by the fast Fourier transform (FFT) pattern (Figure 6.2f).  
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Fig. 6.2  High-resolution TEM micrographs of LaCr0.9Ni0.1O3–δ  nanowires (a–e) and fast Fourier 
transform electron diffraction pattern (f), (Boundaries of the layered structure of the perovskite are marked by 
arrows). 
20nm 
100nm 
2nm 
5nm 
5nm 
(a) (b) 
(c) (d) 
(e) (f) 
LaCr0.9Ni0.1O3–δ LaCr0.9Ni0.1O3–δ 
LaCr0.9Ni0.1O3–δ 
d = 0.387 nm 
LaCr0.9Ni0.1O3–δ 
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      Figure 6.3 shows TEM micrographs of LaCr0.9Ni0.1O3–δ revealing its layered structure, 
while the HRTEM image in Figure 6.3b clearly shows that the nanowires are composed of two 
distinct phases, i.e., LaCr0.9Ni0.1O3–δ and NiO, in agreement with the XRD analysis (see Figure 
S6.2 and Table S6.1). The two phases were confirmed by the presence of Moire fringes, which 
indicates two overlapping crystal lattices with different lattice parameters (Figure 6.3b). This 
was further supported by the fast Fourier transform (FFT) patterns presented in Figures 6.3c 
and d, showing the presence of a superlattice. Also, Figure 6.3e shows the presence of a 9 nm 
Ni nanoparticle on LaCr0.9Ni0.1O3–δ, exposing well-defined (110) plane and its inverse FFT 
reconstruction presented in Figure 6.3f. 
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Fig. 6.3 HRTEM micrographs of LaCr0.9Ni0.1O3–δ nanowires showing two distinct phases. The insets (d) and (e) 
are the corresponding FFT electron diffraction pattern of the active areas, while the inset in (f) is the inverse FFT 
reconstruction of NiO. 
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NiO 
10nm 5nm 
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      X-ray photoelectron spectroscopy (XPS), a sensitive and powerful surface analysis 
method, is able to provide information on chemical bonding states of elements in 
LaCr0.9Ni0.1O3–δ. The Cr 2p, Ni 2p, La 3d and O 1s core level spectra are shown in Figure 
S6.3. In Figure S6.3a, the Cr 2p3/2 spectrum of LCN nanowires show peaks at 575.7 and 579.2 
eV assigned to Cr
3+
 and Cr
6+
, respectively [27]. The O 1s peak observed on LCN can be 
deconvoluted into two peaks (529.0 and 530.2 eV), suggesting the existence of two different 
environments of oxygen (Figure S6.3b). The higher energy peak (530.2 eV) is derived from 
the surface adsorbed oxygen which is probably due to environmental moisture trapped in the 
LCN surface, while the lower energy peak (529.0 eV) can be assigned to the lattice oxygen 
[28]. The La 3d and Ni 2p spectra of LaCr0.9Ni0.1O3–δ nanowires are presented in Figure 
S6.3c. The Ni 2p profiles are complex due to the overlapping Ni 2p3/2 and La 3d3/2 peaks. The 
Ni 2p3/2 and Ni 2p1/2 peaks which appear at 854.9 and 872.6 eV, respectively, arise from Ni
3+
 
ions surrounded by oxygen ions in LCN. Satellite peaks are also observed, which is the 
fingerprint of ionic nickel. The La 3d core levels of the La
3+
 ions exhibit fine structures which 
can split into 3d5/2 and 3d3/2 components due to spin-orbit interaction. Furthermore, each line 
can be split into a primary line (3f
0
 4f
0
 final state configuration) and a secondary line (3d
0
 4f
1
 
L final state configuration) with a separation of 3.5–4.0 eV, which is due to the transfer of 
oxygen-centered electrons to the empty 4f shell accompanying the ionization process [29]. As 
a result of the situation, the higher binding energy contribution of the La 3d3/2 peak overlaps 
with most intense Ni 2p3/2 peak, which is consistent with La
3+
 ions in mixed oxide La1-
xCexNiO3 [30].
 
 
     We propose a possible formation mechanism for LaCr0.9Ni0.1O3–δ (LCN) nanowires, as 
illustrated in Figure 6.4. Urea is used as a structure directing agent for the synthesis of 
LaCr0.9Ni0.1O3–δ nanowires. At the initial stage of the synthesis reaction, metal ions in the 
solution react to form relatively stable distorted primary particles of LaCr0.9Ni0.1O3–δ under 
supersaturated conditions. The formed LaCr0.9Ni0.1O3–δ nanoparticles start to gradually 
aggregate, driven by the minimization of interfacial energy (Figure 6.4a). The nanoparticles 
self-assemble along the three-dimensional direction to form nanocubes as shown in Figure 
S6.1. The transition from nanocubes to nanowires occurs with the addition of urea, 
introducing OH
–
 ions into the solution (Figure 6.4c). Gradual release of OH
–
 ions result in the 
nucleation and growth of LCN nanowires, while the hydrogen atoms of urea form strong 
hydrogen bridges with the oxygen atoms of LCN, stabilizing the structure. The self-assembly 
of the LCN nanowires result in the flower-like superstructures through oriented attachment 
(Figure 6.4d). 
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Fig. 6.4   Schematic illustration for the growth process of LaCr0.9Ni0.1O3–δ nanowires 
      Figure 6.5a shows TEM image of palladium decorated LaCr0.9Ni0.1O3–δ nanowires (Pd-
LCN), while a typical bird’s eye view of Pd-LCN shows well-dispersed Pd nanoparticles with 
a mean diameter of 3.5 ± 0.14 nm (Figure 6.5b). The layered structured of LaCr0.9Ni0.1O3–δ 
(marked by arrows) is evident in Figure 6.5c with Pd nanoparticles anchoring to its surfaces. 
Figure 6.5d clearly reveals that the Pd nanoparticles (marked by circles) are dispersed 
homogeneously on the edges and surfaces of LaCr0.9Ni0.1O3–δ. The crystallinity of Pd 
nanoparticles were confirmed by the lattice fringes with spacing of 0.201 nm, which agrees 
well with the (200) spacing of face centered cubic Pd (Figure 6.5f). The surface compositions 
of the as-prepared palladium decorated LaCr0.9Ni0.1O3–δ nanowires are presented in Table 
S6.2. 
 
 
 
 
 
 
 
Chapter 6 Flower-like perovskite LaCr0.9Ni0.1O3–δ-NiO nanostructures: a new candidate for 
CO2 reforming of methane 
143 
 
 
 
 
 
 
 
 
 
 
Fig. 6.5  HRTEM micrographs of 10 wt.% Pd-LaCr0.9Ni0.1O3–δ (10Pd-LCN) nanowires with well-dispersed Pd 
nanoparticles residing on the surfaces and edges of LCN (blue circle). (Boundaries of the layered structure of the 
perovskite are marked by arrows). 
     
      The catalytic activities of LaCr0.9Ni0.1O3–δ nanowires (LCN), LaCr0.9Ni0.1O3–δ produced in 
the absence of urea (C-LCN), and Pd decorated LaCr0.9Ni0.1O3–δ nanowires (Pd-LCN) were 
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investigated in CO2 reforming of methane under atmosphere pressure using a continuous fixed-
bed flow reactor. First, we examined both perovskite supports (LCN and C-LCN) without an 
active metal (Figure 6.6a and b). As expected, a much higher activity was observed on LCN 
nanowires as compared with LaCr0.9Ni0.1O3–δ produced in the absence of urea (C-LCN). CO2 
conversion of ~76.2% and ~40.1% was observed on LCN and C-LCN, respectively, at 800°C 
(Figure 6.6b). The higher catalytic activity observed on LCN as compared with C-LCN can be 
attributed to its unique morphology which exposes sufficient amount of active sites. Also, the 
improved catalytic performance observed on LaCr0.9Ni0.1O3–δ nanowires (LCN) might be 
ascribed to the presence of NiO nanoparticles (i.e., the secondary phase) generated on the 
nanowires. We impregnated Pd on LCN nanowires as active sites, to further improve their 
activity in the reforming reaction. LCN decorated with 1 wt% of Pd (1Pd-LCN) shows a higher 
catalytic activity than the pristine support (LCN). An optimum CO2 and CH4 conversions of 
~93.8% and 60.4%, respectively, were observed on 1Pd-LCN at 800°C (Figure 6.6a and b). 
Increasing Pd content (10 wt%) on LCN nanowires (10Pd-LCN) results in CO2 and CH4 
conversions of ~98.6% and ~75.4%, respectively, at 800°C. CO2 conversion on the Pd decorated 
LCN was higher than that of methane due to the contribution of reversed water-gas shift 
reaction.  
      In order to gain further insight into the intrinsic activities of Pd decorated LCN nanowires, 
turnover frequency (TOF, 800°C) of methane normalized by the number of surface Pd atoms are 
reported in Table 1. The dispersion of Pd species obtained by CO chemisorption decreased with 
increasing Pd loading (Table 6.1). It is obvious that the TOF of CH4 decreased rapidly with 
increasing Pd content, indicating that the high dispersion of Pd on 1Pd-LCN leads to high 
catalytic activity (Table 6.1). The highest TOF of 6.04 s
-1
 observed on 1Pd-LCN as compared 
with other catalysts, might be ascribed to the presence of high content of active species (surface 
Pd atoms) on 1Pd-LCN. We compared our TOF values obtained on Pd decorated LCN with 
other values in literature. The TOF of 6.04 s
-1
 observed on 1Pd-LCN at 800°C is much higher 
than the 4.58 s
-1
 reported on 1 wt% Rh/H-Beta at 850°C [31], indicating improved catalytic 
activity. Also, the TOF on 1Pd-LCN is two time more than the TOF (2.7 s
-1
, 800°C) reported by 
Seo et al. [32] on Ni/TiO2 catalyst. 
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Table 6.1    Turnover frequency (TOF) of CH4 on 1Pd-LCN, 5Pd-LCN and 10Pd-LCN 
 
Sample 
 
Dispersion
a
  
(%) 
 
Reaction temperature 
(°C) 
 
Turnover frequency 
(s
-1
) 
1Pd-LCN 40.1 800 6.04 
5Pd-LCN 24.5 800 1.90 
10Pd-LCN 16.6 800 1.78 
a Dispersion of Pd in % was measured by CO chemisorption. GSHV = 19,200 mL (h∙g of catalyst)-1, 
CO2:CH4 = 1:1, P = 1 atm). 
 
      The long-term stability evaluations of 5Pd-LCN and 10Pd-LCN nanowires were conducted 
at 750°C for 12 h time-on-stream (TOS) (Figure 6.6c). The stability of both 5Pd-LCN and 10Pd-
LCN is remarkable and no significant activity loss was observed for 12 h TOS. As presented in 
Figure 6.5c, CH4 and CO2 conversions of ~58% and ~91%, respectively, were observed on 
10Pd-LCN after 12 h time-on-stream. 
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Fig. 6.6  Initial catalytic activity (a, b) and stability test (c) on LaCr0.9Ni0.1O3–δ nanowires (LCN), LaCr0.9Ni0.1O3–δ 
produced in the absence of urea (C-LCN) and Pd-LaCr0.9Ni0.1O3–δ (Pd-LCN) (reaction conditions: GSHV = 19200 
mL (h∙g of catalyst)-1, CO2:CH4 = 1:1, P = 1 atm). 
 
      Raman scattering is highly sensitive to the electronic structure and proves essential to 
characterize carbonaceous materials. The compositions of carbonaceous species on spent 
catalysts after the catalytic reaction was analyzed by Raman spectroscopy. The recorded 
(a) (b) 
(c) 
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Raman spectra of the spent catalysts show two major bands at around 1343 cm
-1
 (D band) and 
1572 cm
-1
 (G band) (Figure S6.4). The D band, also known as the disorder-induced band, is 
mainly due to structural imperfections, which exist in defective, polycrystalline graphite and 
other carbonaceous materials, whereas the G band is attributed to graphitic carbon which 
arises from the in plane C-C stretching vibrations of pairs of sp
2
 carbons [19]. The ratio of D 
and G band intensities (ID/IG) correlates with the in-plane crystal domain size, used to 
estimate the degree of disorder in the graphitic carbon or, conversely, the extent of edge plane 
graphite [16].
 
A ID/IG ratio near zero indicates high crystallinity (order) and a ratio near to or 
greater than one demonstrates high disorder due to abundant defects in the graphitic structure. 
The ratios of the intensities of the D and G bands (ID/IG) were 0.86, 0.84, 0.70, 0.71 and 1.08 
for LCN, 1Pd-LCN, 5Pd-LCN, 10Pd-LCN and C-LCN, respectively, suggesting that the 
carbonaceous species on C-LCN is highly disordered and that significant edge plane sites are 
present. All samples also exhibit absorptions between 2680−2730 cm-1 which is assigned to 
the first overtone of the D mode and often called the G’ or 2D band. This is an important band 
in nanotubes which gives information the degree of nanotube crystallinity [19].
 
Although all 
these samples demonstrate similar absorptions, differences can be distinguished between 1Pd-
LCN, 5Pd-LCN and 10Pd-LCN and the C-LCN and LCN. The former three samples show 
enhancement in the 2D intensity than the C-LCN and LCN, suggesting an increment in the 
degree of crystallinity. Precedents in the literature have shown that the presence of more 
graphitic carbon rather than disordered carbonaceous species over the spent catalysts do not 
lead to the deactivation of the catalyst [33]. 
 
6.4   Conclusions 
       In conclusion, we have developed a facile template-free, urea-based co-precipitation 
approach to the fabrication of orthorhombic LaCr0.9Ni0.1O3–δ nanowires. LaCr0.9Ni0.1O3–δ 
nanowires (~76.2%) exhibited far higher CO2 conversion than the conventional bulk 
LaCr0.9Ni0.1O3–δ (~40.1%), due to exposure of more active sites. The unique flower-like 
morphology of LaCr0.9Ni0.1O3–δ improved the dispersion of Pd nanoparticles on its surfaces 
and edges, leading to enhanced catalytic activity in CO2 reforming of methane. Pd loading of 
10 wt% on LaCr0.9Ni0.1O3–δ nanowires produced CO2 and CH4 conversions of ~98.6% and 
~75.4%, respectively, at 800°C. The Pd decorated LaCr0.9Ni0.1O3–δ exhibits remarkable long-
term stability with no significance loss in CO2 (~91%) and CH4 (~58%) conversions at 
750°C, after 12 h time-on-stream. The high turnover frequency (TOF) of CH4 (6.04 s
-1
) on 1 
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wt% Pd decorated LaCr0.9Ni0.1O3–δ might be attributed to high dispersion of Pd species on the 
nanowires. This study shed new light on the ease of fabricating 1D perovskite-type 
nanostructures and thus facilitates their prospects for various applications. 
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Figure S6.1  Low- and high-magnification FESEM micrographs of LaCr0.9Ni0.1O3–δ in the absence of urea (C-
LCN) 
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Figure S6.2  Structural analysis of LaCr0.9Ni0.1O3–δ (LCN) nanowires (a) and schematic 
representation of the orthorhombic LaCr1-xNixO3–δ (b) (Le Bail refined XRD pattern of LaCr0.9Ni0.1O3–δ  
with experimental data (red dots), calculated profiles (blue line), difference curve (green line), and the 
calculated Bragg positions (vertical bar) for each phase. 
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Figure S6.3 XPS spectra: (a) Cr 2p, (b) O 1s, and (c) La 3d and Ni 2p regions of  
LaCr0.9Ni0.1O3–δ (LCN) nanowires. 
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Figure S6.4 Raman spectra of carbonaceous materials on LCN, C-LCN, 1Pd-LCN, 5Pd-LCN 
and 10Pd-LCN. 
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Table S6.1  Refined structural parameters of  LaCr1-xNixO3 (LCN) nanowires 
Parameter 
1st phase (Major) 
LaCr0.9Ni0.1O3 
2nd phase 
NiO 
3rd phase 
NiCr2O4 
Fraction (%) 76.52 20.15 3.33 
a (Å) 5.5185 (4) 4.1815 (2) 8.3354 (4) 
b (Å) 5.4817 (3) - - 
c (Å) 7.7665 (1) - - 
crystal structure  orthorhombic cubic cubic 
Space group Pbnm Fm-3m Fd-3m 
χ2 = 1.32, Rp = 3.51 and Rwp = 4.47. 
 
Table S6.2   XPS surface compositions of 1Pd-LCN, 5Pd-LCN and 10Pd-LCN. 
Sample  Surface composition (at. %)  
 C1s O1s N1s La3d Cr2p Pd3d Ni2p 
1Pd-LCN 28.50 55.07 3.97 3.44 3.05 0.15 5.83 
5Pd-LCN 22.48 58.88 3.12 4.47 3.37 1.38 6.30 
10Pd-LCN 25.12 59.39 - 4.42 2.83 2.20 6.03 
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Abstract: Multi-walled Carbon nanotubes (MWCNTs) are limited by entanglement, and it is 
rather difficult to prevent graphene stacking in a polymer composite. These two challenges 
can be addressed by developing a MWCNT/graphene hybrid where MWCNTs and graphene 
are born as a twin. We in this study employed a syngas production method using microwave 
irradiation for a one-pot synthesis of porous, crumpled and loose MWCNT/graphene hybrids, 
investigated the substrate compositions, measured their performance as electrodes for energy 
storage devices, and proposed the synthesis mechanisms. A number of hybrids, including 
MWCNT/graphene, MWCNT/cup-stacked CNT and MWCNT/graphitic nanofiber, were 
synthesized on Cr-Ni, Fe-Ni and Ni-CeO2 substrates, respectively. TEM analysis shows that 
the two challenges have been markedly addressed in the hybrids. They performed better in 
terms of capacitive properties than commercial MWCNTs. 
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7.1   Introduction 
      Carbon nanomaterials including carbon nanotubes (CNTs) and carbon fibers have 
attracted a great deal of interest in academia and industry over the past 30 years. Multi-walled 
carbon nanotubes (MWCNTs) are the most extensively studied owing to their high 
mechanical, electrical and thermal performance [1−4], where a major challenge is to loosen 
or disentangle these tubes so as to process them in solution. Graphene, a two-dimensional 
hexagonal lattice of sp
2
-hybridized carbon atoms, is hailed as a rapid rising star in material 
science and engineering due to its exceptionally high surface area [5], extraordinary stiffness 
and strength and high thermal and electric conductivities [6−8]. However, these striking 
properties diminish and even disappear when many graphene layers stack themselves 
producing graphite platelets where (i) the poor through-plane electric and thermal 
conductivities can pose significantly negative effect and (ii) the adjacent graphene layers 
under loading can slide past each other leading to low mechanical performance. Thus, it is a 
great challenge to prevent graphene layers stacking. From our perspective, these two 
challenges can be simultaneously addressed by developing a hybrid of CNTs and graphene; 
graphene in such a hybrid may loosen the entanglements of CNTs which in turn intercalate 
between the layers. As an additional benefit, CNTs and graphene may complement each other 
in terms of geometry and cost.  
       Known methods for fabrication of these hybrids include (i) simply mixing CNTs and 
layered graphite oxide with assistance of ultrasonic treatment [9], (ii) using chemically 
derived layered graphene as the starting material followed by the growth of CNTs via thermal 
chemical vapour deposition (CVD) [10], (iii) chemically grafting CNTs onto layered 
graphene [11], and (iv) forming layered graphene on CNT network [12]. These hybrid 
materials have great advantages in many applications, such as mechanically compliant films, 
transparent conductive thin films, anodes for lithium ion batteries, supercapacitors, solar 
cells, reinforcing agents in nanocomposites, and biomedical imaging [13−17]. Although these 
methods represent a great advance in the development of carbon nanomaterials, they are 
severely limited by (i) that they require multi-stage fabrication processes corresponding to 
high cost, (ii) that the combination between graphene and CNTs is weak since they are not 
born as a twin, and (iii) that the graphene used is actually reduced graphene oxide which has 
a high ID/IG ratio and thus low structural integrity and electrical conductivity. A simple 
process, producing a hybrid of CNTs and graphene simultaneously in a one-pot process, is 
urgently needed in this century of energy and environment. 
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      Synthesis gas (syngas), a fuel gas mixture consisting of hydrogen and carbon monoxide, 
is usually produced by dry reforming of CO2 and CH4 in presence of either a metal or a 
zeolite catalyst under conventional thermal energy. As a new heating source for syngas, 
microwave has received an increasingly more attention because of (i) its user friendliness 
including noncontact, rapid heating and quick start-up and drop-off, and (ii) unique features, 
i.e. selectivity on target heating materials, heating from the interior of a material and 
volumetric heating (rapid energy transfer across a target material). Dielectrics are the 
materials absorbing microwave irradiation such as metal-based catalysts while gases do not 
absorb any microwave. Microwave is thus an ideal heating source in syngas production. 
Carbonaceous materials are often formed on catalysts and they need to be suppressed, 
reduced and even frequently removed for high catalyst efficiency. On the other hand, turning 
catalysis conditions may produce either graphene or CNTs, but it is unknown whether a 
CNT/graphene hybrid can be produced via syngas production. A hypothesis made herein was 
that, by carefully selecting metal-based catalysts, we should be able to fabricate 
CNT/graphene hybrids via syngas production; that is, we turn carbonaceous materials 
undesired in the production into valuable hybrids of carbon nanomaterials. To the best of our 
knowledge, the growth of porous, crumpled and loose nanomaterials hybrids via syngas 
production has not been reported. 
      In this article, we present a simple, novel strategy to develop a number of carbon 
nanomaterials hybrids via syngas production, by investigating various catalysts coupled with 
the advantages of the microwave heating. While either Cr or Ni alone cannot produce the 
hybrids, a Cr-Ni alloy is an ideal system due to its moderate, controllable carbon solubility. 
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7.2   Experimental 
7.2.1   Materials 
      Metal precursors, including nickel nitrate (Ni(NO3)2·6H2O), iron nitrate 
(Fe(NO3)3·9H2O), cerium nitrate (Ce(NO3)3·6H2O), chromium nitrate (Cr(NO3)3·9H2O) and 
sodium hydroxide (NaOH), were all purchased from Sigma Aldrich and used as received. 
Commercial MWCNTs (outer diameter: 10–20 nm) was purchased from Chengdu organic 
Chemicals, China. 
 
7.2.2   Fabrication of catalysts 
      The CeO2 nanorods were synthesized through a hydrothermal process. In specific, 60 mL 
of NaOH solution (9.17 mol/L) was added dropwise to cerium (III) nitrate (Ce(NO3)3·6H2O 
solution (0.46 mol/L)) under continuous stirring for 60 min forming a milky slurry. The 
slurry was transferred into a 100 mL Teflon-lined steel autoclave and heated in an electric 
oven for 72 hours at 100ºC. The precipitates were filtered, washed with deionized water and 
left to dry in an oven overnight at 100ºC. The material was then calcined in air at 500ºC for 5 
h, with a heating ramp of 5ºCmin
-1
. This produced ceria support. The support was co-
impregnated with solutions of (Ni(NO3)2·6H2O and Cr(NO3)3·9H2O)  under magnetic stirring 
at 60ºC, to obtain Cr-Ni/CeO2 catalyst containing 40 wt% Ni and 2 wt% Cr. This was 
followed by drying in an oven at 100ºC overnight and calcination at 400ºC for 2 h in air. In 
order to fully understand the role played by the catalyst in the production of the carbonaceous 
nanohybrids, more catalysts (Fe-Ni/CeO2 and Ni-CeO2) were synthesized using this same 
procedure. Table 7.1 summarizes the catalysts composition, catalyst acronyms and the 
product name of the carbonaceous hybrids formed on each catalysts. 
 
Table 7.1  List of catalysts and product names of the hybrid materials 
 System 1 System 2 System 3 
Catalyst composition 2%Cr-40%Ni/CeO2 2%Fe-40%Ni/CeO2 40%`Ni/CeO2 
Catalyst name 2Cr-Ni 2Fe-Ni Ni-CeO2 
Product composition MWCNT/graphene 
hybrid 
MWCNT/cup-stacked 
CNT hybrid 
MWCNT/graphitic  
nanofibers hybrid 
Abbreviations MW-G MW-CSCNT MW-GNF 
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7.2.3   Synthesis of carbon nanotube/layered graphene hybrids 
      The hybrids were directly grown on catalysts that act as substrates via syngas production 
under atmospheric pressure by a microwave reactor (SAIREM) consisting of a reaction 
chamber and microwave transparent walls. The output power of the microwave generator 
could be changed continuously from 0 to 2000 W at a fixed frequency of 2.45 GHz. After 
500 mg of catalyst was loaded into the chamber, it was pumped down for about 1 h.  The 
chamber was connected to a vacuum system with typical base pressure of ~10
-2 
Torr maintain 
by a rotary vacuum pump. Once the pressure was stable, H2 gas (15cc min
-1
) was introduced 
into the chamber, and then the microwave power increased to 120 W and maintained within 
the plasma zone for 30 min. After the chamber was purged with argon gas for ~ 45 min, the 
reactant gases were introduced into the system. A feed with a constant CH4/CO2 molar ratio 
of 1:1 was used throughout the experiments, with a gas flow rate of 35cc min
-1
 and at a 
constant microwave power of 500 W for 14 h time-on-stream (TOS). The product 
composition was analyzed using an on-line gas chromatograph equipped with a Porapak Q 
column and a thermal conductivity detector (TCD). A detailed description of the microwave 
processing conditions applied in H2 plasma reduction and in the catalytic reaction under 
microwave irradiation can be found in our previous report [18]. The etching of the metal 
substrate from the samples was done by dissolving 100 mg of the spent catalyst in 3 M HCl. 
The mixture was stirred using magnetic stirrer for 2 h at 80ºC, then the mixture was filtered, 
washed with deionized water and dried at 60ºC for 24 h.  
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Scheme 7.1 Schematic of synthesis of a MWCNT/graphene hybrid on Cr-Ni: Step-1 removing 
surface oxide layer from catalysts, Step-2 introducing CO2 and CH4 into the system under microwave 
irradiation, Step-3 depositing carbon on catalyst via syngas production, Step-4 cooling down, and 
Step-5 separating the hybrid from substrate (catalyst). 
7.2.4 Characterization of samples 
      Phase purity of the catalysts was determined by X-ray diffraction (XRD) in a Bruker 
Advanced X-ray diffractometer using nickel-filtered Cu Kα X-ray source radiation (λ = 
1.5405 Å) and operated at 40 kV and 40 mA under the following conditions: a scan speed 
2°/min and a measurement range 2θ = 10‒90º.  
      Samples for transmission electron microscopy (TEM) were sonically dispersed in ethanol 
and transferred to carbon-coated copper grids. TEM observations were conducted using a 
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JEOL 1010 electron microscope. The high resolution transmission electron microscopy 
(HRTEM) was recorded on a JEOL 2100 microscope operated at 200 kV. The samples were 
prepared by dipping a carbon film-coated Cu micro grid into the suspension.  
      Raman spectra were collected with a Renishaw inVia Raman spectrometer equipped with 
a Leica DMLM microscope and a 514 nm Ar
+
 ion laser as an excitation source. An x50 
objective of 8 mm optical length was used to focus the depolarized laser beam on a spot of a 
~3 µm in diameter, with the laser power at 2.0 mW. The Raman scattering was collected with 
a CCD array detector and in the 100‒700 cm-1 spectral region with a resolution of 2 cm-1. 
Each spectrum is the average of 20 scans with an exposure time of 10 s for each scan.   
      Carbon formation was quantitatively analyzed on a Perkin Elmer STA 6000 thermal 
analyzer under air atmosphere in addition to Fourier transform infrared spectroscopy (Perkin 
Elmer Spectrum 100). The carbon formation was also analyzed using Laser-Raman spectra, 
recorded in the range of 1000‒2000 cm-1 using a laser excitation wavelength of 514 nm.  
      X-ray photoelectron spectroscopy (XPS) were acquired on a Kratos Axis ULTRA X-ray 
photoelectron spectrometer incorporating a 165 mm hemispherical electron energy analyser 
and a monochromatic Al Kα (1486.6 eV) radiation at 150 W (15 kV, 10 mA). Survey (wide 
scans were taken at an analyser pass energy of 160 eV and multiplex (narrow) high resolution 
scans at 20 eV. Base pressure in the analysis chamber was 1.0 x 10
-9
 Torr and it increased to 
1.0 x 10
-8
 Torr during sample analysis. The binding energies were determined using the C1s 
line at 284.6 eV from adventitious carbon as a reference. Recorded spectra were fitted using 
Gaussian-Lorentzian curves in order to determine the binding energies of the different 
element core levels more accurately.  
      The N2 adsorption measurements of the calcined samples were performed using a Tristar 
II 3020. Surface area calculations were carried out using the Brunauer-Emmett-Teller (BET) 
methods, while pore size distribution was estimated from the desorption branch of the 
isotherms using the Barrett-Joyner-Halenda (BJH) method. Prior to the measurements, the 
samples were degassed at 150ºC for 12 h under high vacuum.  
      The electrochemical measurement was performed on an Autolab PGSTAT302N 
workstation with 6 M KOH aqueous electrolyte in a three-electrode cell. The working 
electrodes were prepared by mixing the carbonaceous materials (95wt.%) with 
polytetrafluoroethylene (5 wt.%) and pressed on a stainless steel mesh. A graphite foil was 
used as the counter electrode and a Ag/AgCl electrode was applied as the reference electrode. 
The mass loading of the electrode material was about 2–3 mg/cm2. The electrolyte was 
introduced by vacuum impregnation, and the cell was immersed in the electrolyte 24 h before 
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measurement. The capacitive performance of samples was characterized by using cyclic 
voltammetry (CV) and galvanostatic charge-discharge (GCD) techniques. The specific 
gravimetric capacitance of the working electrode, C (in F/g), was obtained from the discharge 
curve according to the following equation: C = I×Δt/(m×ΔV), where I is the current load (A), 
Δt is the discharge time  (s), ΔV is the potential change during discharge (V), and m is the 
mass loading on working electrode (g).  
 
7.3   Results and discussion 
      In typical syngas production, the carbonaceous materials formed on the catalysts need to 
be suppressed, reduced and even removed as a waste to improve catalyst efficiency. As 
shown in Scheme 7.1, we converted this waste into valuable nanocarbon hybrids by syngas 
production. Table 7.2 summarizes the reaction conditions, carbon yield and the type of 
carbonaceous material formed on the different catalysts. The catalytic activity in CO2 
reforming of methane shows comparable CO2 conversion rates at ~95% for the systems of 
2Cr-Ni and 2Fe-Ni whose full names are shown in Table 7.1, while ~ 91% is observed on Ni-
CeO2. Similarly, higher CH4 conversion was recorded over the first two bimetallic catalysts 
while only 68.5% observed on Ni-CeO2. Using an infrared temperature sensor attached to the 
microwave reactor, the temperature on the catalyst surface during the catalytic process was 
measured. The lowest temperature of ~936ºC was noticed on 2Cr-Ni, while the highest 
temperature ~1006ºC was observed on Ni-CeO2.  
      Through the syngas production, various catalyst systems produced different quantities of 
carbonaceous materials, i.e. 0.61, 0.67 and 0.63 g deposited on 2Cr-Ni, 2Fe-Ni and Ni-CeO2, 
respectively. Although the carbon yield on these catalysts is low in terms of the time 
consumed, scale-up production in industry would markedly improve these yields. 
Furthermore, the formation of these materials poses no negative effect on the syngas 
production due to their excellent microwave absorption properties. We in the following 
sections investigated the morphology, structural integrity, composition and structure of these 
hybrids. 
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Table 7.2  Experimental condition for the production of hybrids 
Catalysts 2Cr-Ni 2Fe-Ni Ni-CeO2 
BET surface area (m
2
/g) 58.2 45.6 46.8 
Microwave irradiation (W) 500 500 500 
Temperature on the surface of catalysts (ºC) 936 948 1006 
CH4 conversion (%) after 14 h 72.8 72.7 68.5 
CO2 conversion (%) after 14 h 95 95 91 
Carbon yield (g) after 14 h  0.61 0.67 0.63 
Carbon material  MW-G MW-CSCNT MW-GNF 
 
      Figure 7.1–7.3 show HRTEM micrographs of multi-walled carbon nanotube/graphene 
hybrid (MW-G) produced by syngas production using 2Cr-Ni as the substrate. With a typical 
bird view of the hybrid shown in Figure 7.1a, Fig. 7.1b shows a continuous, wrinkled and 
transparent few-layer graphene with a lateral size of ~113 nm. MWCNTs have inner and 
outer diameters in the range of 9‒11 nm and 36‒44 nm, respectively (Figure 7.1c and d). 
Interestingly, we observed a piece of much larger, few-layer graphene of ~327 nm in length 
and ~64 nm in width, as shown in Figure 7.2a and b. These few-layer graphene were found 
wrinkled into many overlapped regions, likely due to the strong van der Waals interactions 
between these thin layers. Also, some graphene sheets were found rolling round MWCNTs 
(Figure 7.2a), indicating the capacity of MWCNTs to attract and guide the self-assembly of 
graphene nanosheets on their external surfaces [19]. 
      Figure 7.2c shows layered graphene with folded edges, while a cross-sectional view of 
the suspended edge of graphene layers shows the graphene sheets consisting of four layers 
only as pointed out in Figure 7.2d. Adjacent interlayer distance in the graphene film was 
measured to be ~0.34 nm, which is the d-spacing of (002) crystal plane (0.335 nm) of bulk 
graphite with slight distortion [20]. Figures 7.2e and f show a network of interconnected 
MWCNTs with crumpled graphene layers partially filling the intertube void space. This is 
because graphene featuring many π-conjugated aromatic domains in its basal plane can 
strongly interact with the MWCNT surface through π-π attractions. 
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Fig.7.1   HRTEM micrographs of crumpled MWCNT/layered graphene hybrid (MW-G) formed on 2Cr-Ni 
substrate 
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Fig.7.2    HRTEM micrographs of MWCNT/layered graphene hybrid (MW-G) formed on 2Cr-Ni substrate 
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      A graphene sheet showing light color in Figure 7.3a appears consisting of few-graphene 
layers, and its surface is not perfectly flat due to presence of a few wrinkles. As shown in 
Figure 7.3b, the number of graphene layers was measured as 4‒7. In Figure 7.3c, the layered 
graphene can be seen like a large crumpled paper; while a more accurate analysis of the 
crystallinity of graphene sheets is shown in Fig. 7.3d. The fast Fourier transform (FFT) 
pattern in the inset clearly shows the crystalline nature of the graphene sheet. Figure 7.3e 
shows the presence of MWCNTs with layered graphene sheets of folded edges. In Figure 
7.3f, the FFT pattern of the MWCNT consists of sharp spots, confirming their crystallinity. 
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Fig.7.3    HRTEM micrographs of MWCNT/layered graphene hybrid (MW-G) formed on 2Cr-Ni substrate  
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      In order to fully understand the role played by 2Cr-Ni substrate in the growth of multi-
walled carbon nanotube/graphene hybrid (MW-G), Cr in the substrate was replaced by Fe. 
Figure 7.4 contains HRTEM images of the MWCNT/cup-stacked CNT hybrid (MW-
CSCNT) produced on 2Fe-Ni via syngas production, where MWCNTs of different lengths 
and size are observed. The inner diameters of the MWCNTs are in the range of 7‒20 nm, as 
shown in Figure 7.4a. The diameters of some MWCNTs were found to be much larger than 
those obtained in MW-G. This might be due to Fe increasing the aggregation rate of the 
metal, thereby modifying the crystal structure of Ni, and this caused the enlargement of metal 
particles and then the larger-diameter MWCNTs. In addition to the MWCNTs, CSCNTs of 
various diameters noticed on 2Fe-Ni (Figure 7.4b) have large hollow tubular structure with 
open ends. Such morphological properties make them structurally similar to many truncated 
conical graphene layers, different to conventional CNTs made up of multi-seamless cylinders 
of hexagonal carbon networks [21, 22]. Figures 7.4c and d show cup-stacked carbon 
nanotubes of ~1.4 µm in length, similar to tubes fabricated by multi-step methods [23−25]. 
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Fig.7.4 TEM micrographs of MWCNT/cup-stacked CNT hybrid (MW-CSCNT) produced on 2Fe-Ni substrate. 
 
      The MWCNT/graphitic nanofibers hybrid (MW-GNF) observed on the mono-metallic 
incorporated cerium catalyst (Ni-CeO2) is presented in Figure 7.5. Figure 7.5a reveals the 
presence of MWCNTs of various length and size, with the presence of interlocked bundles 
(carbon donut) of GNF. The MWCNTs have lengths of 1‒4 µm, with inner diameter of 9‒15 
nm. As shown in Figure 7.5b, the interlocked GNFs are ~84.3 nm in width with their ends 
interwoven. Figure 7.5c and d contain TEM images of MWCNT and herringbone GNF 
produced on Ni-CeO2. Unlike MWCNT, herringbone GNF do not have a hollow center, but 
have many edge sites on the outer wall. 
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Fig.7.5 TEM micrographs of MWCNT/graphitic nanofibers hybrid (MW-GNF) formed on Ni-CeO2 
substrate. 
      Raman scattering is highly sensitive to electronic structure and proves essential to 
characterize carbonaceous materials. Raman spectroscopy analysis has been conducted on the 
treated carbonaceous materials formed on the different substrates. Figure 7.6 shows the 
Raman spectra of multi-walled carbon nanotube/graphitic nanofiber hybrid (MW-GNF), 
multi-walled carbon nanotube/graphene hybrid (MW-G) and multi-walled carbon 
nanotube/cup-stacked CNT hybrid (MW-CSCNT). Raman spectra for all samples show a G 
band at about 1577 cm
-1
 that corresponds to the E2g tangential stretching mode of an ordered 
graphite structure with sp
2
 hybridization and a D band at about 1346 cm
-1
 relating to the 
disorder-induced phonon mode due to finite size crystals and defects [26]. All samples also 
exhibit absorptions between 2680‒2730 cm-1 which is assigned to the first overtone of the D 
mode and often called G
l
 or 2D band. This is an important band in carbon nanotubes (CNTs) 
(c) (d) 
50 nm 100 nm 
MWCNT 
Herringbone 
GNF 
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which gives information about the degree of nanotubes crystallinity [27]. The 2D band can 
also be used to confirm the co-existence of carbon nanotubes and graphene. The 2D band 
noticed on MW-G contains a shoulder at 2715 cm
-1
, indicating the presence of graphene 
layers but with carbon nanotubes in abundance; this observation is consistent with the work 
of Li et al.
12
 where two shoulders were observed at 2D: one corresponding to graphene and 
the other relating to CNTs. Although all these samples demonstrate similar absorptions, 
differences can be distinguished between MW-G and MW-CSCNT and the MW-GNF. The 
former two samples show around 210% and 170% enhancement in the 2D intensity than the 
third, suggesting an increment in the degree of crystallinity. The radial breathing mode 
(RBM), corresponding to the atomic vibration of the carbon atoms in the radial direction was 
not observed for all samples, confirming no singled-walled carbon nanotubes presence. The 
ratio of D and G band intensities (ID/IG) is known to correlate with the in-plane crystal 
domain size and has been used to estimate the degree of disorder in the graphitic carbon or, 
conversely, the extent of edge plane graphite [28].
 
An ID/IG ratio near zero indicates high 
crystallinity (order) and a ratio close to or greater than one demonstrates high disorder due to 
abundant defects in the graphitic structure.  The ID/IG ratios of the carbonaceous materials are 
within the range of 0.15 to 0.40, indicating a very low concentration of structural defects. The 
lowest ID/IG ratio (0.15) was observed on MW-G, indicating a carbonaceous material of high 
structural integrity. MW-CSCNT gave slightly higher ID/IG ratio (0.37) than MW-GNF 
(0.35), suggesting that the addition of Fe to nickel substrate increased the defects 
concentration. 
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Fig.7.6  Raman spectra of MWCNT/graphitic nanofibers (MW-GNF), MWCNT/cup-
stacked CNT (MW-CSCNT) and MWCNT/layered graphene (MW-G). 
      Figure 7.7 shows deconvolution of the C1s peaks on MW-G, MW-CSCNT and MW-
GNF, where a main peak at 284.1–284.6 eV is attributed to graphitic structure. The peaks 
observed at 285.5–285.9 eV can be assigned to defects, i.e., C atoms which are no longer in a 
crystalline lattice [29, 30], while the peaks centered at about 286.9, 288.6 and 289.9 eV 
correspond to the C-O, O-C=O and carbonates, respectively [31]. Furthermore, the π-π* 
transition loss peak is also detected at ~291.3eV. The peak observed at 286.5 eV on the MW-
G can be assigned to epoxide (C-O-C) groups, implying that the hybrid can be surface-
modified by the reactions of the hybrid’s epoxide groups and organic surfactant’s end-amine 
groups [32, 33]. The results of the deconvolution analyses are summarized in Table 7.3, 
which shows that the number of defects in our samples is quite low. The dominance of the C-
C peak on all samples also suggests that the number of oxygen-containing functionalities on 
our hybrids is extremely low. 
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Fig.7.7  High resolution fitted XPS C1s spectra of MW-G, MW-CSCNT and MW-GNF. 
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Table 7.3  Relative concentration (at.%) of functional groups on the hybrids. Calculated 
from deconvolution of high resolution XPS C1s spectra 
Group C-C Defects Epoxide 
(C-O-C) 
C-O -O-C=O Carbonates π-π* 
Binding 
Energy (eV) 
284.1-284.6 285.5-286.0 286.5 286.8-287.0 288.1-289.0 289.6-290.1 290.6-291. 
MW-GNF 92.30 1.72 - 1.42 0.60 1.35 2.61 
MW-CSCNT 88.01 2.45 - 2.09 1.27 3.12 3.06 
MW-G 85.65 2.16 2.21 1.73 2.11 2.72 3.42 
 
      MW-G, MW-CSCNT and MW-GNF exhibit obvious diffraction patterns in the range of 
22–27° (in Figure 7.8), which are assigned to the [002] planes of hexagonal graphite 
structure. These patterns are broader and lower than that of the well-crystallized graphite. The 
low intensity of the [002] peaks in MW-G, MW-CSCNT and MW-GNF indicates higher 
nanotube alignment within the composite materials [34]. The [002] pattern of multi-walled 
carbon nanotube/graphene hybrid (MW-G) is found at 2θ = 26.19º, while for MW-GNF and 
MW-CSCNT, the peaks shifted to 26.48º and 26.41º, respectively. Note that the peak position 
of MW-GNF is closer to that of the graphite (26.62º) as compared with the other two 
samples. According to Bragg’s law (nλ = 2dsinθ), calculation of the interlayer spacing of 
these materials reveals the following sequence for the d002 spacing: MW-G ˃ MW-CSCNT ˃ 
MW-GNF. MW-G and MW-CSCNT possess the d002 spacing of 3.400 Å and 3.372 Å, 
respectively, while the spacing of MW-GNF (3.364 Å) is much closer to the crystal graphite 
(3.348 Å). The variation in the [002] plane spacing is attributed to the different interactions 
between the metal substrate and carbonaceous materials. That is, 2Cr-Ni substrate showed 
much higher influence on the hybrid produced than Ni-CeO2 substrate, leading to the 
resemblance of the MW-GNF hybrid to that of graphite.  
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        Fig.7.8   XRD patterns of MW-G, MW-CSCNT and MW-GNF. 
      We measured the electrocapacitive performance of the MWCNT/graphene (MW-G), 
MWCNT/cup-stacked CNT (MW-CSCNT), MWCNT/graphitic nanofibers (MW-GNF) and 
commercial MWCNTs used as a reference material. Fig. 7.9a and b show cyclic voltammetry 
(CV) behaviours of these materials at 50 and 200 mV/s, respectively. At a scan rate of 50 
mV/s (Fig. 7.9a), the quasi-rectangular shapes of the three hybrids indicate the capacitive 
behaviour of an electric double layer. The slightly distorted CV curve of MWCNTs implies 
their higher resistance than the hybrids. This became more obvious at a higher scan rate of 
200 mV/s (Fig. 7.9b), where the heaviest distortion of MWCNTs is seen but this is not the 
case for the hybrids. Such a marked rate performance implies the fast charge-discharge 
advantages of our hybrids, which might be attributed to the presence of graphene, cup-
stacked CNT and graphitic nanofibers loosening the entanglements of CNT and preventing 
graphene stacking, as confirmed in the foregoing TEM analysis. Galvanostatic charge-
discharge (GCD) measurements were conducted at current densities from 0.2 A/g to 5 A/g to 
investigate further. Fig. 7.9c shows GCD curves of all samples at 0.2 A/g. At such a small 
current density, all the samples show quasi-triangular shapes with hardly observed IR drops, 
indicative again of the electric double layer mechanism. However, at a higher current density 
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of 2 A/g (Fig. 7.9d), MWCNTs have the most serious IR drop (~0.21 V), meaning a large 
amount of energy wasted rather than stored. In other words, the three hybrids (MW-CSCNT, 
MW-GNF and MW-G) are more favourable to achieve higher power density when used as 
electrodes for supercapacitors due to their low resistance, in consistent with their remarkable 
rectangular CV shape as displayed in Fig. 7.9b. The superior rate performance of the hybrids 
is also closely related to their unique architecture as shown in Fig. 7.1–5. Fig. 7.9e compares 
the variation of specific capacitance against current density. The hybrid materials all 
demonstrate higher performance than commercial MWCNTs at the smallest current density 
0.2 A/g, with values of 60, 51.5, 51 and 43 F/g for MW-GNF, MW-G, MW-CSCNT and 
MWCNTs, respectively. MW-GNF and MW-G show higher specific capacitance than 
MWCNTs over the whole current density range, whereas the specific capacitance of MW-
CSCNT dropped significantly with increase in current load. Considering the dependence of 
the discharge current density as plotted in Fig. 7.9f, the nearly linear dependence of MW-
GNF and MW-G reveals an excellent rate capability, while a slight deviation of current 
density from linearity is shown for MW-CSCNT. In contrast, a heavy deviation is observed 
for the commercial MWCNT at scan rates above 100 mV/s; indicating its impractical uses for 
faster energy storage demands. The desired linear current behaviour of the hybrids at high 
scan rates can be attributed to an enhanced behaviour for electrolyte ion diffusion, while the 
deviation of MWCNTs indicates the limitation of electrolyte ion diffusion into the electrode. 
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Fig.7.9  Electrocapacitive performances of carbon nanotube/graphene hybrids and a commercial 
MWCNT (Comm. MWCNT). Cyclic voltammetry (CV) curves of carbon nanotube/graphene hybrids 
at (a) 50 mV/s and (b) 200 mV/s. Galvanostatic charge-discharge (GCD) curves of comm. MWCNT 
and the carbon nanotube/graphene hybrids at (c) 0.2 A/g and 2 A/g (d). Variation of specific 
capacitance against current density (e). Evolution of discharge current density at -0.5 V(vs. Ag/AgCl) 
against scan rate (f). 
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7.4   Mechanism of the hybrids formation 
      Commonly used substrates in CVD are graphite, quartz, silicon, silicon carbide, silica, 
alumina, zeolite etc.; their surface morphology and textural properties are known to play a 
significant role on the quality and yield of the carbon materials. In contrast, ceria has rarely 
been used as catalyst support for the growth of carbonaceous materials including multi-
walled carbon nanotubes (MWCNTs), graphene and graphitic nanofibers (GNF). The ceria 
nanomaterials (CeO2) were used as catalyst support in this present study, whose morphology 
is presented in Figure 7.10. These nanomaterials consist mainly of ceria nanorods and 
nanoparticles. The nanorods expose preferentially the well-defined (100) and the (111) planes 
and have a diameter of 7.5 ± 2.2 nm and length of 20–29 nm. 
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Fig.7.10  Representative high-resolution TEM micrographs of fresh CeO2 nanorods 
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Table 7.4  Surface composition of the reduced 2Cr-Ni, 2Fe-Ni and Ni-CeO2 catalysts derived 
from XPS. 
Sample  Surface composition (at. %) 
 C1s O1s Ce3d Ni2p X Ni/Ce 
Ni/CeO2 33.22 42.61 12.54 11.64 - 0.93 
2Fe-Ni 44.88 33.85 11.79 9.48 - 0.80 
2Cr-Ni 22.87 51.57 17.36 7.61 0.59 0.44 
X = Fe and Cr  
 
      In the synthesis of multi-walled carbon nanotube/graphene hybrid (MW-G), the formation 
of the CNTs and the layered-graphene should be two independent processes. Scheme 7.2 
presents the possible growth mechanism of the MW-G on 2Cr-Ni substrate. 
 
 
Scheme 7.2 Possible growth mechanism of the MWCNT/graphene hybrid (MW-G) 
 
      The growth of graphene usually occurs by exposure of the transition metal surface to a 
hydrocarbon gas under low pressure or ultrahigh vacuum conditions. In our process, the 
growth of the layered-graphene is likely to occur due to the precipitation of crystalline carbon 
species in the Cr-Ni system, where Ni particles existing on the ceria nanorods whose surface 
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are not fully modified by Cr, may catalyze the growth of multi-walled carbon nanotubes. The 
formation of MWCNTs on Cr particles is unlikely due to the low carbon solubility in Cr [35]. 
Additionally, the Cr-C equilibrium phase diagram indicates that Cr has a strong tendency to 
carbide formation, causing adverse conditions for graphite or CNT formation [36, 37]. 
Deposition temperature has been known to determine the thickness and quality of graphene 
and graphite films [38]. Therefore, the lowest temperature observed on the surface of 2Cr-Ni 
(936°C, see Table 7.2) might also have played a significant role in the formation of layered-
graphene. Since the solubility of carbon in metal, if nonzero, increases with temperature, the 
moderation of the deposition temperature by the Cr–Ni might also have significant influence 
on the composition of hybrids precipitated upon cooling. 
      To further understand the growth mechanism of multi-walled carbon nanotube/graphene 
hybrid (MW-G) on Cr-Ni, we investigated substrates Ni-CeO2 and 2Fe-Ni under the same 
synthesis conditions. Ni-CeO2 produced a hybrid of MWCNTs and interlocked bundles of 
graphitic nanofibers (MW-GNF), while 2Fe-Ni resulted in a hybrid of MWCNTs and cup-
stacked carbon nanotubes (MW-CSCNT). Scheme 7.3 presents the possible growth 
mechanism of MW-CSCNT on 2Fe-Ni. 
 
 
Scheme 7.3 Possible growth mechanism of MWCNT/cup-stacked CNT hybrid (MW-CSCNT) 
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      It is known that both MWCNTs and CSCNTs can be grown by (i) diffusion of carbon (via 
catalytic decomposition of carbon-containing gases) through a metal catalyst and (ii) 
precipitation as graphitic filaments. Formation of MW-CSCNT on 2Fe-Ni is not surprising, 
since Fe and its alloys have been reported to produce platelets and tubular carbon nanofibers 
at both low and high temperatures [39, 40]. Rodriguez et al. [41] reported that ribbon-like or 
tubular fibers were formed at high temperatures (950 K), regardless of the particle size of the 
catalyst. Therefore, the temperature (948°C) observed on the catalyst surface during the 
catalytic reaction might have played a crucial role in the formation of the cup-stacked carbon 
nanotubes. The growth of MWCNTs might also have been facilitated by the presence of Fe. 
      In the case of the mono-metallic incorporated cerium substrate (Ni-CeO2), MWCNTs and 
interlocked bundles of GNF were observed. Scheme 7.4 presents the possible growth 
mechanism of MW-GNF on Ni-CeO2. 
 
 
Scheme 7.4 Possible growth mechanism of the MWCNT/graphitic nanofibers hybrid (MW-GNF) 
 
Two major important factors including hydrogen and temperature might have played a 
dominant role in the formation of this interlocked bundles of GNFs noticed on Ni-CeO2. 
Hydrogen is known for its role in the formation of nanofibers [42]. On the one hand, the 
presence of hydrogen in abundance can terminate the large number of dangling bonds at the 
edges of the stacked graphene; whereas without hydrogen termination, graphene would 
consume its dangling bonds leading to closed tubes. On the other, temperature may result in 
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the formation of the interlocked GNFs. Increasing temperature promotes the kinetics of the 
reaction, which has been reported to yield thickened carbon nanofibers (non-catalytic CVD 
coated MWCNTs) [43]. Since a low hydrogen yield (based on the methane converted in 
Table 7.2) was noticed on Ni-CeO2 as compared with 2Cr-Ni and 2Fe-Ni, the formation of 
the interlocked GNFs bundles in relation to hydrogen might be ruled out. A much higher 
temperature 1006°C was observed with Ni-CeO2 which might have played a significant role 
in the formation of the interlocked GNFs. 
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7.5   Conclusions 
We have successfully synthesized a number of multi-walled carbon nanotube hybrids by 
varying the metal substrate that also acts as a catalyst for syngas production. This one-pot 
synthesis route markedly prevented the entanglement of MWCNTs and stacking of graphene 
layers. Cr-Ni substrate led to the growth of a MWCNT/graphene hybrid (MW-G), while Fe-
Ni substrate produced a MWCNT/cup-stacked CNT hybrid (MW-CSCNT). In the case of the 
mono-metallic incorporated cerium substrate, a MWCNT/graphitic nanofiber hybrid (MW-
GNF) was observed. The morphology and composition of these hybrids determine their 
electrochemical performance. The hybrids showed higher specific capacitance than 
commercial MWCNTs, with values of 60, 51.5, 51 and 43 F/g for MW-GNF, MW-G, MW-
CSCNT and MWCNTs, respectively. The cyclic voltammetry (CV) curve showed that our 
hybrids have lower resistance than MWCNTs. We turned the waste in syngas production into 
valuable electrode materials for energy storage devices. These hybrids may have many other 
applications, such as adsorption, biosensors and batteries. 
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Abstract: The structure of Ni/CeO2 catalyst with doping of Cr, Fe and Ta was investigated 
with XRD, N2 physisorption, XPS and HRTEM and the catalytic activity of the catalysts 
under microwave irradiation in dry reforming of methane was tested in a microwave reactor. 
The results show that the introduction of Cr and Ta to Ni/CeO2 can enhance the interaction 
between Ni and the support/promoter and inhibit the enlargement of NiO particles during the 
synthesis. The CH4 conversions in dry reforming on the catalysts follow the order: Ni/CeO2 < 
2Fe-Ni < 2Ta-Ni < 2Cr-Ni. The superior performance of 2Ta-Ni and 2Cr-Ni may be 
attributed to the locally-heated Ni particles caused by the strong microwave absorption of the 
in-situ grown graphene attached on them under microwave irradiation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Chapter 8    Influence of doping Cr/Fe/Ta on the performance of Ni/CeO2 catalyst under 
microwave irradiation in dry reforming of CH4 
193 
 
8.1 Introduction 
      Utilization of fossil fuel resources, such as coal, crude oil and natural gas, results in the 
greenhouse effect due to methane and carbon dioxide. One of the most effective ways to 
address this problem is recycling of the two important greenhouse gases via catalytic CO2 
reforming of CH4 (i.e., dry reforming of CH4) to produce syngas ─ a fuel gas mixture 
consisting of H2 and CO [1, 2]. Syngas is widely used as an intermediary building block for 
production of various fuels such as synthetic natural gas, ammonia, methanol and 
hydrocarbon fuels [3]. But there lacks a method for commercially feasible syngas production 
via dry reforming because of (i) the undesired rapid deactivation of catalysts due to the 
deposition  of carbon on active sites and (ii) sintering of active metallic particles under high 
reaction temperatures [4−6].    
      Although noble metals (Pt, Pd, Rh and Ru) work well with minimum carbon formation 
[7, 8], the scarcity and high cost exclude them in industrial scale use. Nickel (Ni) has been 
proved suitable to replace noble metals due to its comparative catalytic performance and low 
cost. However, it is severely limited by clusters forming with unreactive carbons deposited on 
the catalyst surface [9, 10]. To date, much effort is focussed on suppressing, reducing and 
even removing the deposited carbons from catalyst surface. Promising strategies to address 
these challenges include (i) doping a small amount of promoters into Ni catalysts to modify 
Ni particles and the surface properties of the carriers [11], (ii) generating nanosized Ni 
particles by strengthening the interaction between Ni particles and the carrier and [1, 2], and 
(iii) improving the particles dispersion on the carrier [12].  
      Microwave energy is cost-effective in comparison with the conventional heating systems 
[13−15]. It has been increasingly used for the growth of carbon materials [15, 16], but few 
studies have adopted it for syngas production [17, 18]. Research is rarely done on syngas 
production using metal catalysts under microwave irradiation as well [19]. Ni/CeO2 will be 
employed as catalyst and the research will focus on (i) the performance of Ni metal catalysts 
in syngas production under microwave irradiation, and (ii) the presence of a doped promoter 
for preventing the aggregation of Ni nanoparticles or modifying the catalysts’ microwave 
absorption towards superior syngas yields. By considering the speciality of the microwave 
irradiation, Cr, Fe and Ta were selected to be doped into Ni/CeO2, respectively, because (i) 
Cr metal has a low solubility of carbon and Cr2O3 has a low microwave absorption ability 
[20]; (ii) Fe can easily form alloy with Ni to modify energetic state of Ni and has a good 
microwave absorption ability; and (iii) Ta metal has a low solubility of carbon and Ta2O5 has 
a low microwave absorption ability, and additionally Ta has a high melting point (3017 °C) 
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and may prevent the agglomeration of Ni particles as a physical barrier [21]. To the best of 
our knowledge, these researches in dry reforming of methane have not been reported yet. 
 
8.2 Experimental 
8.2.1 Chemicals and materials. Metal precursors were all purchased from Sigma-
Aldrich, including nickel nitrate (Ni(NO3)2·6H2O), iron nitrate (Fe(NO3)3·9H2O), cerium 
nitrate (Ce(NO3)3·6H2O), chromium nitrate (Cr(NO3)3·9H2O), tantalum oxide (Ta2O5), and 
sodium hydroxide (NaOH). Commercial MWCNTs (purity > 95%) were purchased from 
Chengdu Organic Chemicals, China, while pristine layered-graphene (purity > 97% and 
thickness 10‒20 nm) was purchased from Angstron Material, USA. The carbon nanofibers 
(purity > 98%) were purchased from Sigma-Aldrich. 
 
8.2.2 Catalyst preparation. A CeO2 support was synthesized through a hydrothermal 
process. Specifically, 60 mL of NaOH solution (9.17 mol/L) were dropped to 
Ce(NO3)3·6H2O solution (0.46 mol/L) under continuous stirring for 60 min. The slurry was 
transferred into a 100 mL autoclave and heated in an electric oven for 72 h at 100 °C. The 
precipitates were filtered, washed with deionized water, and dried in an oven overnight at 100 
ºC. The material was then calcined at 500 ºC in air for 5 h to obtain the ceria support. 
      Mono- and bi-metal incorporated ceria samples were prepared by co-impregnation with 
solutions of the appropriate metal precursors dissolved in deionized water. The co-
impregnation of the aqueous solution of the respective metal precursors containing 40 wt.% 
of Ni and 2 wt.% of promoters (Cr, Fe and Ta) was conducted under magnetic stirring at 
about 60 °C. This was followed by drying in an oven at 100 °C overnight and calcination at 
400 °C for 2 h in air. The mono-metal incorporated ceria is denoted as Ni/CeO2, while the 
bimetallic catalysts are designated as 2Cr-Ni, 2Fe-Ni and 2Ta-Ni, for 2Cr-Ni/CeO2, 2Fe-
Ni/CeO2 and 2Ta-Ni/CeO2, respectively (Table 8.1). 
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Table 8.1 List of catalysts and names of the hybrid materials 
 System 1 System 2 System 3 System 4 
Catalyst composition 2%Cr-40%Ni/CeO2 2%Fe-40%Ni/CeO2 2%Ta-40%Ni/CeO2 40%Ni/CeO2 
Catalyst names 2Cr-Ni 2Fe-Ni 2Ta-Ni Ni/CeO2 
Composition of 
carbon on catalysts 
MWCNT/layered 
graphene composite 
MWCNT/cup-
stacked CNT 
composite 
MWCNT/graphitic  
nanofiber/layered 
graphene composite 
MWCNT/graphitic  
nanofiber 
composite 
Product acronyms M/GR* M/CSCNT* 3-phase composite* M/GNF* 
*M/GR – In situ grown MWCNT/layered graphene composite + 2Cr-Ni, M/CSCNT – In situ grown MWCNT/cup-stacked 
CNT composite + 2Fe-Ni, 3-phase composite – In situ grown MWCNT/graphitic nanofiber/layered graphene composite + 
2Ta-Ni and M/GNF – In situ grown MWCNT/graphitic nanofiber composite + Ni/CeO2 
 
8.2.3 Characterization of catalysts. Phase purity of the catalysts was determined by x-ray 
diffraction (XRD) in a Bruker Advanced x-ray diffractometer using nickel-filtered Cu Kα x-
ray source radiation. High resolution transmission electron microscopy (HRTEM) was 
recorded on a JEOL 2100 microscope. X-ray photoelectron spectroscopy (XPS) was acquired 
on a Kratos Axis ULTRA x-ray photoelectron spectrometer. Raman spectra were collected 
with a Renishaw inVia Raman spectrometer using a 514 nm Ar
+
 ion laser as an excitation 
source. N2 adsorption measurements were performed using a Tristar II 3020. The reducibility 
of catalysts was studied by H2 temperature-programmed reduction (H2-TPR) on a BELCAT 
apparatus. The H2-TPR of the samples was investigated by heating the samples (50 mg) in H2 
(5 vol. %)/Ar flow (50 mL/min) at a heating rate of 10 
0
C/min from 50 to 800 °C.  
 
8.2.4 Catalytic activity measurements. The catalytic activity of Ni-based catalysts in dry 
reforming of methane was carried out under atmospheric pressure using a microwave reactor 
consisting of a reaction chamber and microwave transparent walls. The output power of the 
microwave generator could be changed continuously from 0 to 2000 W at a fixed frequency 
of 2.45 GHz. The catalyst surface temperature during the reaction was measured by an 
infrared temperature transducer attached to the microwave reactor. After 500 mg of a catalyst 
was loaded into the chamber, the reactor was vacuum pumped for about 1 h. The reactor is 
connected to a vacuum system with a typical base pressure of ~10
-2 
Torr. Once the pressure 
was stable, H2 gas (15 mL/min) was introduced into the reactor, and then the microwave 
power was increased to 120 W and maintained for 30 min for catalyst surface reduction. 
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After the reactor was purged with argon gas for ~ 45 min, the reactant gases were introduced 
into the system. A feed with a constant CH4/CO2 molar ratio of 1:1 was used throughout the 
experiments. The activity screening tests of the catalysts were investigated in the range of 
350−600 W using steps of 50 W with a gas flow rate of 85 mL/min. The stability test of the 
catalysts was carried out at a constant microwave power of 500 W for 14 h time-on-stream 
(TOS). The product composition was analyzed using an on-line gas chromatograph equipped 
with a Porapak Q column and a thermal conductivity detector (TCD). The conversions of 
CH4 and CO2 were calculated by the following equations [17]: 
CH4 conversion, % = [(H2)out/2]/[(CH4)out + (H2)out/2] × 100 
CO2 conversion, % = [(CO)out/2]/[(CO2)out + (CO)out/2] × 100 
where (CH4)out, (H2)out, (CO2)out and (CO)out are the concentrations of CH4, H2, CO2 and CO 
in the effluent gas (mol %), respectively. 
 
8.3 Results and discussion 
8.3.1 XRD analysis and textural properties of the Ni-based catalysts  
      Fig. 8.1a presents X-ray diffraction patterns for the freshly calcined Ni/CeO2, 2Cr-Ni, 
2Fe-Ni and 2Ta-Ni. All samples showed diffraction peaks at 28.5, 33.1, 47.5, 56.3, 59.1, 
69.4, 76.7 and 79.1° corresponding to (111), (200), (220), (311), (222), (400), (331), (420) 
and (422), respectively, of the cubic fluorite structured CeO2 (JCPDS 34-0394). Peaks 
observed at 63, 43.5 and 37.5° over all samples can be assigned to (220), (200) and (111) 
crystal planes, respectively, of face-centered cubic NiO (JCPDS 04-0835). No diffraction 
peaks corresponding to Cr, Ta and Fe metals or oxides were observed in the XRD patterns, 
indicating the good dispersion of the metal ions on the ceria support.             
      The nitrogen adsorption and desorption isotherms of the samples displayed type IV 
isotherm with type H1 hysteresis loops in the relative pressure (P/P0) range of 0.60−0.98 (Fig. 
8.1b). Textural parameters of the calcined Ni-based catalysts are summarized in Table 8.2. It 
can be found that after the loading of Ni and the third components, both the specific surface 
area and the porosity of the catalyst is decreased and the average pore size is increased to 
some degree, which indicates the metal cations are introduced into the ceria support and some 
small pores are blocked. However, it can be seen that co-impregnation of Ni with the 
promoters exhibited slightly smaller particle size than Ni/CeO2 (2Cr-Ni<2Ta-Ni<2Fe-
Ni<Ni/CeO2), which implies their incorporation into Ni/CeO2 can help inhibit the 
enlargement of NiO crystallite during the synthesis process. 
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Fig. 8.1 (a) X-ray diffraction patterns, (b) nitrogen adsorption isotherms, (c and d) HRTEM 
micrographs of CeO2, (e) 2Ta-Ni and  (f) 2Fe-Ni. 
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Table 8.2   Textural characteristics of various Ni-containing CeO2 samples 
Sample BET
a
 
surface area 
(m
2
g
-1
) 
Total pore 
volume
b
 
(cm
3
g
-1
) 
Pore size 
(nm) 
Ni particle size
c
 
(nm) 
CeO2 75.0 0.22 9.3 - 
Ni/CeO2 46.8 0.16 10.2 34 
2Fe-Ni 45.6 0.17 11.3 30 
2Cr-Ni 58.2 0.18 10.3 27 
2Ta-Ni 45.9 0.17 11.6 28 
a
Brunauer-Emmett-Teller (BET) specific surface area.
 
b
Average diameter estimated from the desorption branch of the nitrogen isotherms using the BJH method. 
c
Designates Ni particle size after stability evaluation measured by XRD. 
 
 
8.3.2  HRTEM analysis and X-ray photoelectron spectroscopy of the Ni-based 
catalysts 
      Fig. 8.1c−f and 8.2 show high-resolution transmission electron microscopy (HRTEM) 
images of the catalysts along with their corresponding fast Fourier transform (FFT) patterns. 
Both ceria nanorods and nanoparticles are observed. The nanorods have a diameter of 7.5 ± 
2.2 nm and a length of 20−29 nm (Figs. 8.1c and d). 2Ta-Ni reveals well-resolved crystal 
lattice fringes for both CeO2 and NiO (Fig. 1e). Fig. 8.1f shows the active areas of 2Fe-Ni. 
Clear lattice fringes with a d-spacing of 0.479 nm are seen corresponding to (111) plane of 
Fe3O4; the well-resolved lattice spacing corresponds to a d-spacing value of 0.19 nm and 0.15 
nm, consistent with (110) and (220) planes of CeO2 and NiO phases (Fig. 8.1f). The HRTEM 
results show that the promoters (Cr, Fe and Ta) are well-dispersed in the catalyst system (Fig. 
8.2). 
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Fig. 8.2  Representative high-resolution TEM images of (a) 2Fe-Ni and (b) 2Cr-Ni  
      The elemental composition and valence states of the samples were analyzed by X-ray 
photoelectron spectroscopy (XPS). Fig. 8.3 presents the Ni 2p spectra of Ni/CeO2, 2Cr-Ni, 
2Fe-Ni and 2Ta-Ni after H2 reduction. The Ni 2p3/2 peaks in the four samples could be 
deconvoluted into 852.2, 855.1 and 857.2 eV for Ni/CeO2, 852.1, 855.2 and 857.1 eV for 
2Cr-Ni, 852.2, 855.1 and 857.2 eV for 2Fe-Ni, 852.8, 855.4 and 858.1 eV for 2Ta-Ni, 
respectively. These three peaks around 852.0, 855.0 and 857.0 eV, can be assigned to Ni°, 
Ni(OH)2, and NiOOH, respectively [1]. By comparison with the corresponding peaks in other 
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three samples, those in 2Ta-Ni are shifted to high values, which indicate that the interaction 
between Ni and promoter/support in 2Ta-Ni is stronger than that of other three samples. The 
metallic Ni° proportion on the catalyst surface decreases in an order of Ni/CeO2 (28.63%) > 
2Fe-Ni (28.56%) > 2Cr-Ni (18.07%) > 2Ta-Ni (14.38%). Additionally, 2Fe-Ni exhibits a 
comparable metallic Ni° fraction with Ni/CeO2, indicating a partial surface coverage Ni 
species, while 2Ta-Ni exhibits the least Ni° fraction. The surface element analysis of the four 
catalyst samples (Table 8.3) reveals low concentration of surface nickel species for 2Ta-Ni 
(0.53) and 2Cr-Ni (0.44), which implies Ni species are buried through doping. Fe and Ta are 
not observed on the surface, while the near surface region of 2Cr-Ni contains mostly Cr, 
since it exhibits the least surface Ni species (Table 8.3), which may suggest that Cr is 
enriched on the surface of the catalyst. 
 
  
 
 
Fig. 8.3       Ni 2p XPS spectra of  reduced Ni/CeO2 (a), 2Cr-Ni (b), 2Fe-Ni (c) and 2Ta-Ni (d). 
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Table 8.3     XPS surface compositions of reduced Ni-based catalysts 
Sample  Surface composition (at. %) 
 C1s O1s Ce3d Ni2p X Ni/Ce 
Ni/CeO2 33.22 42.61 12.54 11.64 - 0.93 
2Fe-Ni 44.88 33.85 11.79 9.48 - 0.80 
2Cr-Ni 22.87 51.57 17.36 7.61 0.59 0.44 
2Ta-Ni 10.38 56.04 21.98 11.60 - 0.53 
X = Fe, Ta and Cr  
 
8.3.3  Temperature-programmed reduction studies (H2-TPR) 
Fig. 8.4 presents H2-TPR profiles of all catalysts. Only one main reduction peak is 
observed on Ni/CeO2 around 356 °C, which is related to the NiO reduction to Ni metal. Due 
to the introduction of the promoters into Ni/CeO2, some changes in the reduction patterns are 
expected for the bimetallic catalysts. For 2Fe-Ni catalyst, one main reduction peak is 
observed at 352 °C, which is tentatively assigned to the reduction of Ni
2+
 on the ceria 
support. In the case of 2Cr-Ni, two main reduction peaks and a shoulder are found, which are 
related to reduction of Ni ions at different states. The small shoulder observed at around 
162−274 °C could be probably due to the reduction of Cr6+ → Cr3+ [22]. The main reduction 
peaks observed at 498 and 392 °C can be attributed to the reduction of Ni
2+
 ions. The main 
reduction peak observed on 2Ni-Ta centered at about 420–600 °C, can be ascribed to the 
reduction of the incorporated Ni
2+
 ions. This is because both Cr2O3 and Ta2O5 have very high 
reduction temperatures [23, 24]. By comparison with that of NiO in Ni/CeO2, the reduction 
temperature ranges of 2Cr-Ni and 2Ta-Ni are shifted to high positions, which indicates the 
interaction between NiO and the promoters or support is enhanced. This is consistent with the 
above results of N2 physisorption and XPS, which suggest that NiO is buried by Cr or Ta and 
the presence of Cr or Ta inhibit the enlargement of NiO. Additionally, the reduction process 
of NiO in 2Cr-NiO is divided into two stages; the NiO whose reduction peak is at 498 °C 
may correspond to those buried by Cr and the others whose peak is at 392 °C may be 
assigned to those exposed on the surface. It should be mentioned that the reduction 
temperature of NiO species on both the mono- and bimetal catalysts in this work shifted to 
lower values as compared with nickel supported on other supports reported in refs. [25, 26], 
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which may be attributed to an electronic interaction exists between ceria and nickel. Ceria is 
rich in d-electrons, while Ni ions have unfilled d-orbitals which can accept d-electrons from 
cerium, resulting in an increase in d-electron density of the Ni atom to decrease the reduction 
temperature of NiO [27].
 
The observation is consistent with reported studies, in which a 
lower reduction temperature of Ni species was observed after incorporation of cerium [28]. 
 
 
Fig. 8.4      H2-TPR profiles of 2Fe-Ni, 2Cr-Ni, 2Ta-Ni and Ni/CeO2. 
 
8.3.4 Morphology and formation of nanocarbon on metal composites 
      The carbon deposition and catalyst composites were produced during the reaction by 
microwave heating. It was found that carbon structure and morphology vary among the four 
Ni-based catalysts. The structures of deposited carbon are discussed below.  
      Fig. 8.5 presents MWCNT/graphitic nanofiber composite (M/GNF) formed on Ni/CeO2. 
Interlocked bundles of GNFs are found to be covered by metal-nanoparticles at 22.9−32.2 nm 
in diameter (Figs. 8.5a-b). Fig. 8.5c−e show both Ni nanoparticles and CeO2 support are 
incompletely coated with carbon shells. Figure 8.5d reveals a 1.5 nm Ni nanoparticle coated 
with carbon shells whose crystallinity is supported by the fast Fourier transform pattern 
(FFT) (inset in Fig. 8.5d). Fig. 8.5e shows crystal lattice fringes of the d spacing value of 
0.305 nm for a (111) plane of CeO2.  
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Fig. 8.5      TEM micrographs of MWCNT/graphitic nanofiber (M/GNF) formed on Ni/CeO2 
after 14 h. 
      After the introduction of the promoters, the morphology of the produced nanocarbon 
becomes more complex. Fig. 8.6 shows HRTEM micrographs of the MWCNT/layered 
graphene composite (M/GR) produced via syngas production on 2Cr-Ni. The formation of 
graphene and MWCNTs and metal nanoparticles are dispersed on the continuous, wrinkled 
and transparent layered graphene and MWCNTs (Fig. 8.6a). Graphene was found wrinkling 
into many overlapped regions, probably due to the strong van der Waals interactions among 
these thin layers (Fig. 8.6b). The growth of graphene occurs due to the precipitation of 
crystalline carbon species on Cr-Ni. Fig. 8.6c shows the presence of metal nanoparticles at 
the tip of a MWCNT, known to be active for methane decomposition [29]. Some metal 
nanoparticles are also found to be coated with carbon shells (Figs. 8.6d and e).  
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Fig. 8.6  TEM micrographs of MWCNT/layered graphene (M/GR) formed on 2Cr-Ni after 14 h. 
 
      Fig. 8.7 presents HRTEM images of MWCNT/cup-stacked CNT composite (M/CSCNT) 
formed on 2Fe-Ni. The CSCNTs produced on 2Fe-Ni have different lengths and sizes with 
large hollow tubular structure and open ends, similar to many truncated conical graphene 
layers (Fig. 8.7a−c). It is known that both MWCNTs and CSCNTs can grow by diffusion of 
carbon through decomposition of carbon-containing gases on a metal catalyst. Formation of 
M/CSCNT on 2Fe-Ni is anticipated, since Fe and its alloys are known to produce platelets 
and tubular carbon nanofibers [30]. Carbon-coated Fe nanocapsules are observed on 2Fe-Ni 
(Fig. 8.7d). The adjacent interlayer distance in the carbon shell was measured to be ~0.34 nm, 
which is the d-spacing of (002) crystal plane of bulk graphite (Fig. 8.7e).
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the inset confirms the crystalline nature of the carbon shell (Fig. 8.7e). Fe-encapsulated 
carbon nanocapsules have excellent microwave absorption properties [31], which might 
present these materials as potential active sites for the reforming reaction. 
 
 
 
 
  
Fig. 8.7     TEM micrographs of MWCNT/cup-stacked CNT (M/CSCNT) formed on 2Fe-Ni after 
14 h. 
      Fig. 8.8 presents MWCNT/graphitic nanofiber/graphene (3-phase composite) formed on 
2Ta-Ni. Wrinkle graphene sheets with metal nanoparticles coated with carbon shell can be 
observed on 2Ta-Ni (Fig. 8.8a). The nanocapsules are 50-200 nm in diameter and the carbon 
protective shells are 5-8 nm in thickness (Fig. 8.8b). Metal nanoparticles are seen on 
graphene sheets in Fig. 8.8b−d, and the sheets appear to be consisting of few graphene layers 
(3−5). In Fig. 8.8e, a graphitic nanofiber (GNF) is found encapsulating several metal 
nanoparticles; the fringes of 0.317 nm correspond to the interplanar spacing of the (110) 
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plane of Ta (Fig. 8.8f). Layered graphene is likely to form due to the precipitation of 
crystalline carbon species in the Ta-Ni system where Ni particles may catalyse the growth of 
MWCNTs. Ta is widely used in microelectronics as a diffusion barrier for Cu on Si, and it 
has been recently used as a support for the growth of CNTs for interconnects [32].
 
Similar to 
the formation of GNFs on Ni/CeO2, the GNFs on 2Ta-Ni is likely to grow on Ni 
nanoparticles. The length of the GNFs on 2Ta-Ni is much shorter than the ones observed on 
Ni/CeO2 (Fig. 8.5a).  
 
 
 
 
 
 
 
Fig. 8.8 TEM micrographs of MWCNT/graphitic nanofiber/layered graphene (3-phase composite) 
formed on 2Ta-Ni after 14 h.   
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      Fig. 8.9 shows Raman spectra of MWCNT/graphitic nanofiber composite (M/GNF), 
MWCNT/layered graphene composite (M/GR), MWCNT/graphitic nanofiber/layered 
graphene composite (3-phase composite) and MWCNT/cup-stacked CNT composite 
(M/CSCNT) produced on Ni/CeO2, 2Cr-Ni, 2Ta-Ni and 2Fe-Ni, respectively. The ID/IG ratios 
of M/GNF, 3-phase composite, M/CSCNT and M/GR were found to be 0.35, 0.39, 0.37 and 
0.15, respectively. The lowest ID/IG ratio (0.15) of M/GR indicates the presence of abundant π 
electrons (structural integrity) on 2Cr-Ni. 
 
      Fig. 8.9      Raman spectra of (a) M/GNF, (b) 3-phase composite, (c) M/CSCNT and (d) M/GR. 
8.3.5  The catalytic performance of the Ni-based catalysts in dry reforming 
      The catalytic activities of freshly reduced Ni/CeO2, 2Cr-Ni, 2Fe-Ni and 2Ta-Ni catalysts 
were investigated in the reforming reaction under microwave irradiation (Fig. 8.10). Since the 
reforming reaction is an endothermic reaction, catalytic conversion increases with microwave 
power for the mono- and bimetallic Ni-based catalysts. 2Cr-Ni exhibits the best catalytic 
performance, with CH4 and CO2 conversions at ~93% and ~98%, respectively (Fig. 8.10a−b). 
The lower activity on 2Ta-Ni and 2Fe-Ni below 500 W might be ascribed to the change of 
the microwave absorption properties of the materials with the substitution of some Ni by 
either Fe or Ta ions. Since the carbonaceous materials formed on the catalysts and the 
conversion of methane and CO2 are affected by reaction temperatures, the activities are 
compared at similar reaction temperatures (the relationship between the heating microwave 
power and the measured surface temperature of the four catalyst samples can be seen in Table 
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S8.1 of the supplement file).  In Fig. 8.10c, CH4 conversions at 770, 850 and 940 °C follow 
the order: Ni/CeO2 < 2Fe-Ni < 2Ta-Ni < 2Cr-Ni.  
      Raman spectroscopic analysis shows that the ID/IG ratios of the commercial graphene, 
MWCNTs and CNFs are 0.12, 0.27 and 0.83, respectively. Having the lowest ID/IG ratio, 
graphene should have the most abundant sp
2
 π electrons to efficiently absorb the microwave 
energy and may cause sparks or electric arc, known as hot spots or microplasmas [15], which 
may make the closely attached Ni particles with them to have a locally higher temperature 
than other ones. Significant generation of these locally high-temperature Ni particles can play 
a vital role in a catalytic system to promote the conversion of the reactants. Therefore, the 
superior performance observed on 2Cr-Ni and 2Ta-Ni may be attributed the formation of 
graphene (Figs. 8.6 and 8.8) on them during dry reforming. It can be noticed here that the 
ID/IG value of the nanofiber/layered graphene composite produced on 2Ta-Ni is high even 
with the formation of graphene. This is because the ID/IG ratio is an average value of the 
whole measured sample, the value can still be high if the other nanocarbon produced on 2Ta-
Ni has the high values or the proportion of graphene is low in the product. However, it cannot 
affect the above conclusion. 
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Fig. 8.10      Initial activity test (a−c) as a function of microwave power and stability test (d and 
e) on Ni/CeO2, 2Ta-Ni, 2Fe-Ni, and 2Cr-Ni at 500 W for 14 h TOS. 
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      The long-term stability of the synthesized catalysts was tested and the results are shown 
in Figs. 8.10d−e of the Ni-based catalysts in a time-on-stream (TOS) of 14 h. An increase in 
CH4 conversion rate is observed on Ni/CeO2, 2Fe-Ni and 2Cr-Ni in the first 2 h, while a 
reduction occurs on 2Ta-Ni after 1 h TOS. 2Ta-Ni presents low catalytic activity for the first 
4 h, which agrees with the initial activity. Fig. 8.10d shows that the CH4 conversion on 
Ni/CeO2 and 2Fe-Ni started reducing after 2 h TOS, while no reduction occurs on 2Cr-Ni 
until 3 h later. The variation in the catalytic performance of the Ni-based catalysts for the first 
5 h might be due to different structures of in situ grown nanocarbon composites. After 14 h 
TOS, the Ni-based bimetallic catalysts exhibit fairly similar CH4 conversions at ~73 % (Fig. 
8.9d). As shown in Fig. 8.10e, all the samples exhibit high CO/H2 molar ratios between 1.1 
and 1.5; this could be ascribed to the reversed water-gas shift reaction, which not only 
increases CO formation rate but reduces H2 formation rate. Therefore, high stability is 
observed on the Ni-based catalysts despite the high reaction temperatures in our system. 
Usually, this would result in deactivation and loss of activity if conventional heating is used. 
Comparison of methane conversion in this investigation with other reported results using 
conventional heating can be found in Table S8.2 of the supplement file.  
8.4 Conclusions 
     2 wt.% of Cr, Fe and Ta were introduced into Ni/CeO2 catalyst as the promoters by co-
impregnation method. The results show that Cr, Fe or Ta can be well dispersed and no 
separated phase of them can be identified by XRD. N2 physisorption, XPS and HRTEM 
results suggest that the introduction of Cr and Ta can inhibit the enlargement of NiO particles 
during the synthesis and increase the reduction temperature of NiO by enhancing the 
interaction between NiO and the support/promoter. During the reaction process of dry 
reforming of methane in the microwave reactor, 2Ta-Ni and 2Cr-Ni show high CH4 
conversions, which may be attributed to the locally-heated Ni particles caused by the strong 
microwave absorption of the in-situ grown graphene attached on them under microwave 
irradiation. 
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Table S8.1  Temperature on the catalyst surface with the employed microwave power during the 
catalytic reaction 
 Ni/CeO2 2Ta-Ni 2Cr-Ni 2Fe-Ni 
Microwave power       Temperature (°C)   
200 W 711 - - - 
250 W 823 - - - 
350 W 935 690 765 768 
400 W 961 712 810 785 
450 W 991 780 856 805 
500 W 1006 813 936 948 
550 W 1079 841 1021 850 
600 W 1293 876 1029 858 
650 W - 965 - - 
All catalysts are active at all microwave power range. Microwave power was just lowered to 200 W and 250 W 
for Ni/CeO2 and increased to 650 W for 2Ta-Ni in order to compare the materials at similar reaction temperature 
(770 °C, 850 and 940). 
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Table S8.2  Comparison of methane conversion with others reported in conventional heating 
reactors 
Sample Heating source/Reaction 
temperature (°C) 
Product carbon type/ Reaction 
time (h) 
CH4 conversion (%) Reference 
1. AuNi/MgAl2O4 Conv.TH/650°C MWCNT/12 h ~25 [1] 
2. AuNi/MgAl2O4 Conv.TH/650°C MWCNT/12 h ~30 [1] 
3. Ni/MgO Conv.TH/650°C Whisker carbon/12 h ~25 [2] 
4. K-Ni/MgO Conv.TH/650°C Whisker carbon/12 h ~27 [2] 
5. Co/Al2O3 Conv.TH/700°C Carbon filaments/8 h ~50 [3] 
6. Ni/CeO2 Micro. Irrad/1006°C MWCNT/GNF/12 h ~69 This study 
7. Cr-Ni/CeO2 Micro. Irrad/936°C MWCNT/GR/12 h ~73 This study 
8. Fe-Ni/CeO2 Micro. Irrad/948°C MWCNT/CSCNT/12 h ~73 This study 
9. Ta-Ni/CeO2 Micro. Irrad/813°C 3-phase composite/12 h ~72 This study 
Microwave irradiation ─ Micro. Irrad. (at a constant microwave power of 500 W), Conventional thermal heating ─ Conv.TH, 
Multi-walled carbon nanotube ─ MWCNT, Layered graphene ─ GR, Graphitic nanofiber ─ GNF, Cup-stacked CNT ─ CSCNT 
and MWCNT/graphitic nanofiber/layered graphene ─ 3-phase composite 
 
References 
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9.1      Conclusions 
This thesis focuses on the development of novel metal-oxide catalysts and alternative 
catalytic systems for production of syngas via CO2 reforming of methane. The initial 
experimental work was directed at fabricating mono- and bimetallic metal catalysts that can 
be used in both conventional fixed-bed reactor and microwave reactor systems (Chapters 4 
and 5). Both the mono- and bi-metallic metal catalysts exhibited clean and strong metal-
support interaction with excellent catalytic activity and stability in CO2 reforming of methane 
under the conventional fixed-bed reactor. We also extended the catalyst synthesis to mixed 
metal-oxides (perovskite-type oxides) for use in the reforming reaction under the 
conventional fixed-bed reactor (Chapter 6). The next chapter was dedicated to understanding 
the type and morphology of the carbon materials formed on the different catalysts and their 
electrochemical potential as electrode materials in various electrochemical applications 
(Chapter 7). The last experimental chapter was solely devised to investigate the performance 
of these metal-oxide catalysts in CO2 reforming of methane using microwave system as 
reactor (Chapter 8). The chapter extensively showed how the different promoters/additives 
affected the microwave absorption properties of the catalysts, which in-turn determine their 
catalytic performance and the type of carbon materials formed on the catalysts. 
Based on the studies in this thesis, the following conclusions can be drawn: 
(1) Concurrent microwave plasma treatment of both the uncalcined support and the loaded 
metal precursor is vital for the formation of well-dispersed nanosized active metal particles 
and strong metal-support interface. On the other hand, using the conventional approach where 
the support is thermally calcined prior to metal loading, the metal-support interface are much 
weaker with much larger-sized active metal particles. Tuning the microwave plasma power 
(150−250 W) and exposure time significantly improved the interaction between the metal and 
the support as well as the extent of formation of nanosized active metal particles (~2.6 ± 0.3 
nm). Consequently, the catalytic performance of the plasma treated samples gave an 
enhanced turnover frequency (TOF) of ~9.5 s
-1
 at 700°C (CH4 (50%):CO2 (50%)) as 
compared with the thermally calcined catalyst (8.7 s
-1
). 
(2) Before now, perovskite materials have rarely been used as catalysts for CO2 reforming of 
methane, largely due to the complexity in fabrication of multi-component oxides. By using a 
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simple urea-based synthesis approach, a highly active and thermally stable nanostructure 
perovskite-type oxide (LaCr1-xNixO3–δ) was fabricated for use in CO2 reforming of methane. 
LaCr1-xNixO3–δ perovskite oxide displayed a flower-like morphology with a dominant 
orthorhombic phase with ~76.2% CO2 conversion compared to only ~40.1% noticed on the 
conventional bulk counterpart. Due to the unique morphology of the LaCr1-xNixO3–δ 
perovskite oxide, active metal nanoparticles (Pd) are easily loaded both on the edges and 
surfaces of the material. The Pd decorated LaCr1-xNixO3–δ displayed a high turnover 
frequency (TOF) of CH4 (~6.0 s
-1
), which can be ascribed to the high dispersion of the Pd 
species on the perovskite support. 
(3) Carbonaceous materials made during syngas production via CO2 reforming of methane 
are generally regarded as “wastes”, and are mostly considered to be detrimental materials to 
catalyst efficiency. This work showed that these carbonaceous materials are active electrode 
materials for application in fuel cells and can even enhance the performance of catalysts 
under microwave irradiation, for certain experimental conditions. By varying the metal 
substrate that also acts as catalyst for the reforming reaction, different multi-walled carbon 
nanotube (MWCNT) hybrids which include MWCNT-graphene hybrid, MWCNT-cup-
stacked CNT hybrid, and MWCNT-graphitic nanofiber hybrid were produced on Cr-Ni, Fe-
Ni and Ni/CeO2, respectively. In the case of the MWCNT-graphene hybrid, the two 
challenges associated with these materials, entanglement and stacking, were significantly 
suppressed due to the unique fabrication method adopted. The morphology and composition 
of these hybrids determine their electrochemical performance, which exhibited much higher 
specific capacitance than the commercial MWCNTs. 
Due to the excellent microwave absorption of the in-situ grown carbon/metal-oxide 
composites, these did not present any negative effects on the catalyst for syngas production; 
rather, they worked as active sites, promoting the reforming reaction under microwave 
irradiation. 
 
9.2      Recommendations for future work 
For future work, several areas of the materials fabrication/characterization as well as the 
formation mechanism of the carbonaceous materials would need further development in order 
to fully harness the potential of the reforming reaction. For these reasons the following 
recommendations are made: 
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For the metal-support interface of metal-oxide catalysts: 
(1) There is a need to systematically investigate the diffused interfacial region of series of 
ceria supported metal catalysts with STEM-HAADF electron tomography in conjunction with 
scanning transmission electron microscope energy-dispersive X-ray spectroscopy (STEM-
EDX). Extended X-ray absorption fine structure (EXAFS) will also provide quantitative 
characterization of these interfacial regions showing the metal-oxygen interactions. 
(2) There is a need to theoretically investigate these interfacial regions at the microscopic 
level using combined quantum chemistry (density functional theory) and synchrotron-
radiation photoelectron spectroscopy, specifically resonant photoelectron spectroscopy 
(RPES). RPES will be used to experimentally detect the active sites on a well-defined metal-
ceria model catalyst. 
(3) The impact of the diffused interfacial region on low-temperature catalytic reactions such 
as steam reforming and preferential CO oxidation (PROX) should be investigated in order to 
better understand the mechanism behind the enhancement at the metal-support interface. 
For the carbonaceous materials used as active catalysts and electrode materials: 
(1) Based on our finding that carbonaceous materials can actually act as active materials in 
the reforming reaction under certain experimental conditions, there is a need to further 
modify the catalysts to generate not only non-harmful and active carbon materials, but also to 
suppress the overall carbon formation during the catalytic reaction.  
(2) There is a need to fabricate materials that exhibit high catalytic performance for low-
temperature (< 500 °C) catalytic reforming of methane under microwave irradiation; since 
reasonable conversions can only be reached above 700 °C using the conventional thermal 
heating, lowering the reaction temperature under microwave heating would lead to cost and 
energy savings. 
(3) It is important to exploit other transition metals as active metals on various supports in 
order to fabricate different carbonaceous morphologies, which are known to significantly 
affect their electrochemical performance. 
(4) Because the striking properties of graphene and MWCNT diminishes after stacking and 
entanglement, it is important to develop novel metal-oxide catalysts that can selectively 
produce either MWCNT or graphene in different ratios simultaneously, as their proportion 
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can remarkably affect their electrochemical performance in applications such as oxygen 
reduction reaction (ORR), supercapacitors, oxygen evolution reaction (OER) and hydrogen 
evolution reaction (HER). 
 
 
 
 
